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1297 CONTENT IN THE COOLANT OF A WATER-COOLED-WATER-MODERATED
REACTOR

L. I. Gedeonov, V. M. Gavrilov, ~ UDC 621.039.534.23
V. K. Vinogradova, S. P. Rosyanov,
and Yu. A. Shumov

Information on the 12°I content in the loop waters of nuclear power installations is
required in order to understand the migration of iodine iostopes in the active zone of the
reactor and to solve the problems of radiation safety [1].

'2°T has a long half-life of T,;, = 1.7-107 years and a low energy of B-, Y-, and x-ray
emission. In many cases, these properties of the radionuclide make it necessary to use the
activation method for analyzing it with the use of the reactlon L29I(n Y)*3°I whose product
is the y-emitter with Ty/2 = 12.4 h [2].

In this paper we describe the neutron-activation method and the results of the determina-
tion of the *2°I in the coolant of the first loop of the VVER-440 water-cooled—water-moderated
reactor. The method includes several operations: extraction of the sample, separation of the
iodine, irradiation of the separated preparation W1th neutrons, radiochemical purification of
the iodine, and y spectrometric analysis.

We extracted the coolant samples when the VVER-440 operated at 70% of rated power. We
passed 900-1100 ml of the extracted sample, after introducing a stable carrier (1 mg KI), at
a rate of 4 ml/min through a 100-mm-high column with a diameter of 10 mm, filled with AV-17
resin in a chlorine form with a grain size of 0.25-0.5 mm. Under these experimental condi-
tions, the content of the radiocactive iodine isotopes in the filtrate was equal to less than
17 initially. After this, we flushed the resin first with 10 ml of water and then with 200
ml of a 5% solution of sodium hypochlorite at a rate of 2-3 ml/min. We transferred the col-
lected eluate into a separatory funnel and added nitric acid up to 2-3 M solution concentra-
tion. We added 20 ml of carbon tetrachloride and 20 ml of a 1 M solution of hydroxylamine
chloride to the funnel. We shook the mixture in the separatory funnel for 2 min, during which
time the carbon tetrachloride fraction with the extracted iodine separated from the water
solution. We repeated the extraction with the addition of new portions of hydroxylamine (5
ml) and carbon tetrachloride (20 ml). We then combined the organic phases, flushed with a
107 solution of nitric acid, and then reextracted the iodine from them with a solution of
sulfurous acid (10 drops of freshly prepared sulfurous acid per 20 ml of water).

To the reextract we added a solution of palladlum chloride (5 mg), heated the mixture
up to the formation of black particles, and let it stand for 10-12 h. After this, we washed
the precipitate, precipitating out of the solution, with small quantities of a 1 M solution
of hydrochloric acid and then with alcohol and transferred it to a quartz ampul. We dried
the precipitate in the ampul at 333-343°K, sealed the ampul, and irradiated it.

We irradiated the ampul with neutrons with a total flux of 10!? sec™!+.cm™2? for 18 h.
After the irradiation, we flushed the ampul successively with nitric acid (1:1) and water
and placed in into a Teflon vessel with 20 ml of a 5% solution of sodium hypochlorite, to
which we added 10 mg of potassium iodide and 5 mg of potassium bromide. After the ampul was
crushed the palladium iodide precipitate dissolved, and 3-4 min later the solution separated
from the fragments of the quartz ampul. We washed the fragments of the ampul and the walls
of the vessel with water. We then transferred the combined solutions into the separatory
funnel and introduced into it concentrated nitric acid (until a solution concentration of
2-3 M was attained), 5 ml of the hydroxylamine solution, and 20 ml of carbon tetrachloride.

We extracted the iodine, and then reextracted it. We repeated the extraction cycle once
again. We heated the reextract obtained the second time in order to remove the excess sulfur
dioxide, and then we cooled and passed it through a chromatographic column with a diameter

Translated from Atomnaya Energiya, Vol. 58, No. 4, pp. 221-223, April, 1985. Original
article submitted July 11, 1984.
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of IU mm, rilled with AvV-l/ resin in NUz IOrm with a layer 1uU mm high. {ne sSOLurion wds: »
passed at a rate of 1.5-2 ml/min. We washed the column with the resin with 270 ml of a 2 M
solution of potassium nitrate. The latter fraction with a volume of 20 ml contained the
jodine. To this fraction, after adding nitric acid, we added 10 ml of a 0.05 M solution of
silver nitrate. We washed the silver iodide precipitate with a 17 solution of nitric acid
and a small quantity of water. We subjected the dry precipitate to y-spectrometric analysis. -
We evaluated the iodine yield based on '3!I, contained in the coolant sample or 1ntroduced
into the control water solution. : c

We measured the y-emission spectra of the separated samples on a Yy spectrometer with
a 60-cm3® Ge(Li) detector and an AI-1064 analyzer. The duration of the measurements of the
spectrum, depending on the activity of the sample, was equal to 20-40 min. We determined
the 291 content in the sample being analyzed under the assumption that it is a po1nt source
using the formula

A

P U—e 3

3

where p is the '2°I mass, in g; I is the activity of '%°I-in the analyzed sample, calculated
at themoment the irradiation stops, in sec™!; ¢ is the average neutron flux density, cm™ 2
sec”!; I is the macroscopic cross section for the reaction formlng 1307 in cm?-g~t;-A is
the decay constant of *3°I, sec”™®; and t is the duration of the irradiation, sec. In the
calculations, we used the following values of the decay constant and the macroscop1c cross

section of the‘13°l forming reaction: A = 1. 558¢107° sec™'; I = 140 cm?-g~ L,

We :took the_value of the average neutron flux density with a relative error of 107 from
the specifications of the sample irradiated in the reactor. The relative error in the com-.
puted value of the activity of '*°I in the sample was equal to 157. Table 1 shows the results
of the analyses of samples of a control solution with 1297 and samples of coolant from the
first loop of the VVER-440.

- The average content of '?°I in the control solut1on, calculated from six parallel de-
term1nat1ons, was equal to (8.3 + 0.7)-107° g/liter with an error of 0.3:107° g and a rms
relative error of =47. The average 1297 content in the coolant during the period of observa-
tions corresponded to the value (5 % 3):107!° g, which is many times smaller than the estab-
lished concentration of this radionuclide in water in open reservoirs.

" The average 1317 content in the coolant during the same period was equal to 1.0- 10"
Bq/l1ter with a relative rms error of 40%. A comparison of the data presented gives the
ratio of the number of atoms **°I/'?'I = 2.2+102. If the fluctuations in the ratio are in-
significant, then this value can be used to make approximate calculations of the 1291 content
in the ‘coolant from the results of the determination of the !3!I content. :

The penetrat1on of the radlonuclldes into the coolant is determined by two processes:
accumulation of radionuclides under the jackets of the fuel elements and leakage of gas from
under the Jackets into the coolant.

The number of atoms N, of some radionuclide under the Jackets of the fuel elements is
determlned by the relation '

N [1—«0‘(”“’) t], (1)

—E_
17 At
where g is the number of atoms of the radionuclide, enterlng under the jacket of the fuel
elements per unit time from the fuel tablets; ¢ is the leakage factor, showing the fraction .
of the atoms of a given radionuclide from its total quantity N, which escapes from the fuel
elements into the coolant per unit time; X is the radioactive decay constant of the given
rad1onuc11de, and t is the time measured from the beginning of the accumulation- leakage pro-
cess. For *29T A = 1.24+10"'% sec~! and with the usually observed values of ¢ {3] the condi-
tion ¢ >> A holds. Equilibrium appears approx1mately after 200 h with ¢ = 1073 sec™!; ap-
proximately after 20 h with ¢ = 107" sec™'; and after 2 h with ¢ = 1073 sec” !, In the chain
of isobars with a mass of 131, forming asa result of the fission of uranium by thermal neu-
trons, the longest lived nuciides are *3I (T,/, = 8.05 days) and **'TL (Ty/, = 30h).- For *3'I
A= 121077 sec™t, i.e., as also for .'2°I the condition ¢ >> A holds, and equilibrium unde.ri
the fuel- element jacket appears after the same time intervals.

It follows from the analysis performed that with an insignificant rupture of the seal_
of the fuel element the ratio of the number of atoms of !2°I in it to the number of **'I

244
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LADLEL L. KESults OI tne vertermination of
1297 in Water Samples

Sample 129 content, ng/liter

C i 9,00 400
S;¥;§olsolunon A

> » 7,6.40Y

» 2 8,8.41u7?

» » - 8,2-107Y

» 8,0.40~¢
Coolant (extracted on Dec. 6, 1977) 1,3.1010
Coolant(extractedon’ Dec, 7,1977) ’1;,‘4 1010 -
(‘oolantzextracted on Dec, 8,1977) 3,2.4p7te
Coolant{extractedon Dec, 12 1977) 1310710 .

atoms will increase. With a large break in the seal, this ratio becomes practically con-
stant. It is evident that the number of atoms of the radionuclides escaping per unit time
from the fuel element 1nto the coolant is

Q=N =gis. - - (2)

Under equilibrium conditions, in the first loop, v - . :
' Q=(A-1h) Ny, (3)

where N, is the number of atoms of the radionuclide in the coolant; h is a constant describ-
ing the removal of the radionuclide by the coolant system.

From the relations presented it is easy to obtain a value for the number of atoms of
radionuclide per unit volume of coolant:

gh S X
VO G | (4.

n==

where V is the volume of water — the coolant in the first loop.

For jiodine radioisotopes, we shall study the case when 107° sec™™ £ ¢.2 1073 sec™ %
h = 107% sec™®. 1In this case, the relations A <<@; A £ h hold for both *2°I and '3!I,
From here follows

; Z131 B . .
nlSizﬁt Rypg == Vllij . (5)

The values of V and h; are determined by the operational conditions and the VVER-440
construction. The values of ny;; and n;,, for the first experiments were determined as
shown above.

It is unllkely that significant quantltles of the weakly volatile (compared to iodine)
tellurium would penetrate into the coolant. Under this assumption, using the formula (5)
we can estimate not only the ratio of the iodine isotopes in the coolant n,,4/n;;;, but also

the ratio of the intensity with which they enter the coolant from the jacket of unsealed fuel
elements.

The first experiment performed in this work on the comparison of the concentration of
iodine isotopes in the coolant encompassed as yet an insignificant time interval and revealed
a large nonsystematic spread in the results of the observations. A further increase in ac-
curacy of the determinations over long time intervals could permit estimating the 1291 con-
tent in the coolant from the concentration of 31 in the coolant.
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RITM FACILITY FOR TESTING FUEL ELEMENTS IN VARIABLE POWER
REGIMES IN THE SM-2 REACTOR

V. A. Kuprienko, A. V. Pershin, . UDC 621.039.54
Yu. G. Spiridonov, V. Sh. Sulaberidze,
and V. N. Shulimov

One of the chief problems originating with a change of the requirements for the operting
conditions of nuclear power stations with water-cooled—water-moderated reactors (VVER) in the
power generation system is the assurance of the necessary durability of the fuel elements
in conditions of repeated changes of the power level at a rate of 1-6% per minute {1]. This
problem incorporates a number of special problems on the investigation of different aspects
of the behavior of fuel elements. These include the study of the temperature conditions and
mechanism of gas release from the fuel for the purpose of creating reliable methods of fore-
casting these characteristics in the stated operating conditions.

In order to solve the problems posed, the RITM facility was developed, with a gas system:
for regulating the power of the fuel elements. Systems with absorbed gas are used widely in
reactor technology [2, 3]. The defining criterion for choosing a system with 3He was the
relative simplicity of controlling the thermal-neutron flux density in the cells of the irradi:
ation facility (IF) by a change of pressure of the absorbing gas.

The RITM installation consists of the IF itself, a closed circuit of the absorbing gas,
and a test rig for measuring the parameters of the fuel elements being tested. The IF (Fig.
1) is a multitube channel which allows the simultaneous irradiationof three fuel elements
and which is provided with a thermometric unit for measuring the thermal power of the fuel-
element assembly. The fuel elements are placed in individual cooling channels joined by in-
let and outlet collectors. The coolant distills at a temperature of £335°K and is under a
pressure of 5 MPa. The thermal insulation of the IF cells from the reactor coolant is pro-
vided by annular spaces, created by the double walls of the descending and ascending tubes.
At the core height (350 mm), annular hermetically sealed voids are located around each cell
and they are joined by means of impulsive tubes with the absorbing gas circuit. The thick-
ness of the gap is 2.5 mm and the total volume of the voids is 600 cm3®. The IF is installed
in the reflector of the SM-2 reactor and is connected to the low-temperature water loop.

The absorbing gas circuit (Fig. 2) is designed for the generation of a vacuum or a 3He
pressure up to 3 MPa in the annular voids, purification of the gas from hydrogen and tritium,
and monitoring and maintenance of the specified pressure. The circuit comprises the absorbing
gas source, membrane-type blowers (large and small), 3He purification unit, means for monitor-
ing the pressure, and a shut-off equipment. The ?He source is a cylinder with a volume of
4+10% cm3 fllled with the gas under a pressure of 0.6 MPa. A receiver, with a volume of 6-103
cm?®, ensures the necessary operative reserve of gas for generating the required pressure in
the IF. The designs of the large and small blowers are identical. Inside the protective
housing a circular, flat membrane box is installed (with a diameter of 1.0 and 0.6 m), welded
from two plates with a thickness of 1 mm of OKhl8N10T steel. The opening of the membrane box
is controlled by the pressure of nitrogen fed into the protective housing and monitored with
a rheostat-type indicator. The volumes of the completely open membrane boxes of the large
and small blowers amount to 6:103 and 1.7:10% cm?®, respectively.

A vacuum pump and a cylinder with highly pure helium are provided for purging the cir-
cuit and IF voids. An interchangeable purification unit is provided for the removal from the
3He of the hydrogen and tritium accumulated in it. The unit consists of a main filter with
a volume of 1000 cm® and a monitor filter with a volume of 200 cm®. The absorbing capacity
of the main filter, determined in labortory investigations, amounts to 3:10* cm3® of hydrogen.
Zirconium chipping previously annealed at a temperature of 1320°K and a vacuum of ~1.5 Pa is
used as the absorber. The working temperature of the filters, 623-673°K, is achieved by

Translated ‘from Atomnaya Enérgiya, Vol. 58, No. 4, pp. 223-225, April, 1985." Or}giﬁal
article submitted August 13, 1984. ' ' o
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Fig. 1. Irradiation facility: 1) inlet col-
lector; 2) descending tube; 3) pressure trans-
ducer; 4) fuel element; 5) common collector;
6) direct-charge detector; 7) ascending tube;
8) thermometric uniti 9) outlet collector.

asjusting the power of the electric heaters. The monitor filter serves to determine the
completeness of the hydrogen and tritium absorption in the main filter. The requirement for
sufficiently complete purification of the helium in the filter with its continuous or periodic
operating conditions limits the maximum rate of increase of power of the fuel elements. It
amounts to 127 per min in the range 0.5-1.0 of the nominal value with adjustment of the power
of each fuel element individually, and 4% per min in the case of simultaneous power adjust-
ment of three fuel elements. )

The main drawback of the system with 3He.-is the possibility of the discharge of radio-
active tritium into the servicing compartments. For the purpose of reducing the probability
of this hazard, the maximum hermetic sealing of the absorbing gas circuit is provided. This
explains, in particular, the rejection of a scheme using blowers with an external drive mech-
anism and the development of hermetically sealed blowers of the membrane type. Operative
monitoring for hermeticity of the IF voids and the circuit is effected by means of manometers.
The pressure of the gas in the IF voids is monitored with MED-type manometers with continuous
recording of the readings. The circuit is tested periodically by filling it with high-purity
helium under elevated pressure. ‘

The test rig for measuring the parameters of the experimental fuel elements is designed
for recording the readings of a differential multijunction thermoelectric transducer, from
which the coolant heating in the IF is determined, for regulating the power of the electric
heater installed in the thermometric unit of the IF, for recording the readings of the direct-
charge detectors (DCD) located in the IF, and also the pressure and temperature transducers
installed in the fuel elements. The measurements are made by means of a potentiometer or a
digital voltmeter. Provision is also made for recording the readings of the thermoelectric
transducers by secondary instruments of the KSP type. The coolant flow rate through the IF
is measured with a conventional loop flowmeter. :
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Fig. 2. Diagram of the RITM gas test rig: 1) large blower; 2) small blower; 3)
cylinder with 3He; 4) receiver; 5) cylinder with highly pure helium; 6) helium
purification unit; 7) vacuum pump; 8) indicators; 9) IF voids; 10) ventilation;
11) to vacuum pump of the impulsive channel test rig; 12) to special ventilation.

Fig. 3. Orientation the the channel relative to the reactor core: 1, 2, 3) cell
numbers; 4) IF void with 3He.

TABLE 1. Relative Variation of Upgp in
Adjacent Cells in the Case of Their Succes-
sive Filling with 3He up to a Pressure of

1.1 MPa, Z
" No. of experiment
Cell ‘
I PR |
1 * —9 —16
2 .9 * —14
3 —6 —3 *

Note. The filled cells are marked with an
asterisk. '

The regulating characteristics are investigated by means of DCD installed in the de-
scending tubes instead of the fuel elements. The DCD emitter is made of rhodium wire with a
diameter of 0.5 mm; the length of the active part is 50 mm. The DCD current is assessed by the
voltage drop (Upcp) in a standard resistance of 10 kQ. The scheme of arrangement of the
cells of the IF relative to the core of the reactor is shown in Fig. 3. ' The 3He pressure
was varied in-one, two, and three cells simultaneously. The relative changes of the thermal
neutron flux density in the cells with the simultaneous filling of the annular voids of the
IF with helium are shown in Fig. 4, and for successive filling of each of them in Fig. 5.

The simultaneous filling of the IF voids with 3He at a pressure of 2.6 MPa led to a
reduction of the thermal neutron flux density in the cells to 0.2-0.3 of the nominal value
(in the absence of absorber). The relative changes of the neutron flux density for each cell
are different. The maximum variation wasobserved in cell 1 and the least in cell 3, the

nominal value of the neutron flux density in which was a factor of approximately 1.7 higher
than in cells 1 and 2.

"The results of the measurements confirm the effect of the absorber in the annular void
of each cell on the others (see Table 1). Cell 1 was subjected to the greatest effect and
cell 3 to the least. This is explained by the mutual positioning of the cells and their
orientation relatjive to the reactor core.

The absence of a relation with a constant exponeént index (see Fig. 4) is due to the
presence of the perturbing action of the strong absorber, varying the intensity of the neutron
field at the site of location of the IF. In the case of separate filling of the cells with

3He up to a pressure of 1.1 MPa, the experimental results can be described by an exponeritial
relation with an error of =*5% (see Fig. 5).
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Fig. 4. Relative change of neutron flux density in the IF cells in the case of .
their simultaneous filling with 3He; 1) cell 1; 2) cell 2; 3) cell 3.

Fig. 5. Rel&tive change of neutron flux density in the IF cells in the case of
filling each cell individually with 3He: A) cell 1; x) cell 2; o) cell 3.

The mutual effect of the cells during pairwise filling of the annular voids is inter-
mediate between that observed in the case of simultaneous filling of all the voids with 3He
and filling each of them individually.

The experiments showed that the presence of the absorber in all the annular voids of
the IF at a pressure of 2.6 MPa has no appreciable effect on the reactivity and shows no ef-
fect on the reactor control system.

The RITM facility allows tests of model fuel elements to be conducted in conditions
satisfying the requirements on the maneuvering unitsof nuclear power stations both with re-
spect to depth and speed of control. Coupling of the facility to the low-temperature water
loop of the SM-2 reactor is the first stage of its operation. At this stage, a study is being
planned of the gas release in the fuel elements irradiated in conditions with repeated power-
variations.
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HEAT REMOVAL IN FAST REACTOR CORES

A. V. Zhukov, A. P. Sorokin, ' 'UDC 621.039.517.5
and N. M. Matyukhin ' ‘

One of the most important efforts of the USSR power program is being directed toward
the acceleration of the construction and mastery of sodium-cooled fast reactors, which offer
the prospect of the development of a nuclear power fuel base [1-3]. The results of the opera-
tion of the first USSR fast reactors, ‘the BR-5 and BR-10, at 5 and 10 MW respectively [2]
and the BOR-60 pilot reactor at 60 MW [4] enabled us to proceed to the mastery of the high-
power BN-350 [5] and BN-600 [6] fast reactors which are being successfully used today at the
Shevchenko and Beloyarsk nuclear power plants. At the present time a series of still larger
fast power reactors is being developed (the BN-1600 and others). Ensuring their high effi-
ciency andreliability presents an important problem whose solution is determined largely by
the level of the thermophysical design basis of reactors. ‘

Fast reactors are characterized by high neutron and thermal fluxes, deep fuel burnup,
high pressure of gaseous fission products in the fuel elements, and high temperaure of the
fuel and cladding. The characteristics of the core physics and geometry (Fig. 1) and the
appreciable uncertainties in the geometric parameters of the fuel element assemblies (FEA)
present a problem which penetrates more deeply into the essence of thermophysical processes
and the knowledge of new .phenomena corresponding to the contemporary level of knowledge of
reactor thermophysics. The study of the interchannel hydrodynamic and thermal interaction,
heat transfer during variable energy release by the initial thermal parts, deformed fuel ele-
ment lattices, and in atypical channels under asymmetric heat loads, in finned fuel element
systems is a far from complete list of present practical reactor construction problems which
are of decisive importance for thermophysical study and design of fast reactors.

A complete and rigorous account of the above factors in thermal~hydraulic calculation
is a very complicated problem. A thermal-hydraulic calculation must furnish a large amount
of complex and highly reliable information, particularly on local hydrodynamic and thermal
characteristics. On the one hand, it is necessary to avoid large margins of the fuel element’
and coolant temperatures (they limit the power and efficiency of the installation); on the
other hand, exceeding the admissible local temperature can disable the reactor.

One of the basic problems of a thermal—hydraulic calculation of fast reactor FEA is that
of finding on the basis of the reacter core design parameters (the energy release, the total
flow rate of the coolant, etc.) the thermal-hydraulic characteristics which determine its
operating ability. These ‘include the maximum temperature of the fuel element cladding and
the FEA jackets and the maximum temperature inhomogeneities around the perimeter of the fuel
elements and FEA jackets.

In order to find a reliable thermal—-hydraulic design of contemporary high-flux fast re-
actors (BN-350, BN-600) many experiments were performed and new methods of calculating the
local characteristics of FEA were developed.

Research at the FEI included studies of the: mechanism of interchannel mixing, complex
longitudinal—transverse flow in reactor elements, the characteristics of the hydrodynamics
and heat transfer in systems of parallel fuel elements and in atypical channels (peripheral
zones of FEA), the temperature distributions in symmetrical and distorted fuel element lat-
tices during constant and variable energy release under stabilized hydrodynamic and thermal
conditions, etc., which form a basis for calculating local thermal and hydrodynamic charac-
teristics of fast reactor FEA.

Some of the questions listed include a wide range of problems, and in essence determine
the further development of the thermal physics of reactors in general. For example, the
question of the temperature distribution in atypical (peripheral) FEA channels and in dis-
torted fuel element lattices, including local overheating of fuel elements because of the

Translated from Atomnaya Energiya, Vol. 58, No. 4, pp. 226-232, April, 1985. Original
article submitted May 18, 1984; revision submitted August 2, 1984,

250 0038-531X/85/5804-0250$09.50 © 1985 Plenum Publishing Corporation

Declassified and Approved For Release 2013/03/11 : CIA-RDP10-02196R000300060004-2



Fig. 1. Schematic diagram of a) cross section of
core; b) a fuel element assembly (FEA); c) a fuel
element; d) pheripheral region of FEA of a fast re-
actor; 1) gas gap; 2) wire winding; 3) nuclear fuel;
4) cladding; 5) coolant; 6) fuel element; 7, 8)
wire and ribbon windings; 9) displacer; 10) FEA
jacket.

shape of the channels, because of single and group displacements of fuel elements, because of
the blockage of through FEA cross sections, and for other reasons, related to the problem of
the reliability and increase of reactor power will obviously be solved as reactor construction
develops. At the present time these problems for fast reactors are being successfully solved
by the collaboration of specialists of the Comecon countries.

Methods of mathematical modeling of coolant velocity and temperature distributions in
fast reactor FEA are being actively developed. A set of programs has been written for cal-
culating the local thermal—hydraulic characteristics of FEA (TEMPR), the average characteris-
tics along channels (TEMP-M, CORA) and over the volume of FEA (UGRA, PROTVA). These programs
can be used to solve a broad class of practical problems of the thermal—hydraulic design of
fast reactor FEA, and give the information necessary for an analysis of the operating ability
of FEA elements. These programs take adequate account of the effect of various factors on
the temperature and velocitydistributions in FEA; they have been tested on a large amount
of experimental material, and offer an effective method for performing thermal-hydraulic cal-
culations {7-10]. ' '

The initial problem of the thermophysical calculation of fast reactor FEA is the proper
choice of the geometrical parameters of the FEA. Unfortunately, some authors perform a thermal
calculation of fast reactor FEA by assuming an idealized arrangement of the fuel elements at
the nodes of a regular triangular lattice [11]. In doing this they assume that the boundary
fuel elements are in contact with the hexagonal jacket through the spacing wire winding, and
that the remaining fuel elements are uniformly distributed over the cross section of the hexa-
gon, forming nominal computational cells of a definite area. The possible deviations of the
through cross section of a cell from its nominal value are taken into account by overheating
factors as a random quantity. In a variant of this model it is assumed that, all other
things being equal, there is one cell or a group of cells in a FEA in which three fuel ele-
ments are brought into contact with one another along the whole length throughthe spacingwire
winding, and the cell formed with a minimum area of the through cross section is taken as
the computational cell. '

Investigations of the distribution of the through cross sections of cells performed on
mock-up assemblies showed that the actual pattern of the fuel element spacing in a bundle
differs from idealized concepts. Fuel elements have a certain freedom of radial displace-
ment, and for a number of reasons are bowed, shifted within the limits of the possible gap,
so that the rods no longer form an ideal lattice, but are distributed along the radius and
height of the assembly in accordance with Weibull's law.
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LOUS, LOE C&0UUll CudrdCler OL Lie luel element arrangement makKes 1T essentlilal to choose
a valid computational model of FEA geometry. The statistical model of the geometry of a fuel
element bundle, which is being developed at the present time and is realizable by using the
Monte Carlo method [7], gives a valid representation of FEA geometry and significantly refines
the overheating factors. This model is themost physically well founded and promising for
the thermophysical calculation of fast reactor FEA. The values of the temperature distribu-
tion calculated with the TEMP-M program using the statistical model of the geometry of the
BN-600 reactor FEA differ appreciably from the values calculated with other models of the
geometry of fuel rod bundles-(Fig. 2).

A fast reactor core is a large and complex system of FEA which in turn have a complex
structure (Fig. la, b, ¢). In view of this, the thermal—hydraulic design of a reactor core
is divided into several steps.

In the first step, performed at the design survey stage (optimization of parameters),
the flow rates of the coolant through the FEA and the average temperature rises of the cool-
ant in a FEA are determined [9]. The next step is the calculaticn of the thermal—hydraulic
characteristics of individual FEA and fuel elements [10]. At this step the geometrical char-
acteristics of a FEA, the distribution of flow rates of the coolant over the FEA channels,
taking account of the interchannel hydrodynamic interaction, the distributions of the temper-
ature rises of the coolant over the FEA channels, taking account of the interchannel thermal
interaction, the "wall—fluid" thermal heads, and the maximum temperature nonuniformities
around the perimeter of the fuel elements are calculated. The effect of various factors on
the temperature distribution is taken into account, and the maximum temperature of the fuel
element cladding is determined. Since the temperature rise of the coolant in reactor FEA
is large (~200°C), the accuracy of the determination of the maximum fuel element cladding
temperature depends largely on the accuracy of the calculation of the distribution of the
temperature rise of the coolant over the FEA channels. The important question here is the
individual approach to the calculation of typical central, lateral, and corner fuel elements
of hexagonal FEA. Since the temperature distributions of these fuel elements differ sub-
stantially, appropriate ctomputational formulas must be used for each category of fuel ele-
ments [8].

A fast reactor FEA is a system of parallel interconnected channels. There is greater
mass transfer between channels than in isolated channels; the effect of random geometrical
deviations (bowing, displacement of fuel elements) on the development of flow rates, the ef-
fect of helical spacing fins of the fuel elements on the interchannel intermixing and the
degree of turbulence of the flow, the nonuniformity of the distribution of the coolant over
cells of different geometries (central peripheral cells), and other factors determine the
hydrodynamic pecularities of interconnected channels in comparison with isolated channels.

The use of methods and formulas derived for isolated channels to make hydraulic and
thermal calculations of interconnected channels can lead to large errors. Special methods
must be developed which take account of the peculiarities of interconnected channels.

Interchannel heat and mass transfer is a decisive factor in shaping thermal and hydro-
dynamic patterns in a fast reactor core [12]. Helical wire windings on fuel elements lower
the temperature in the region of "hot spots," and thus permit an increase in reactor power.
No contemporary method of thermal—hydraulic design of a reactor can avoid taking account of
this factor, which is important in considering processes both withina fuel element bundle
and in the reactor core as a whole (interaction between FEA). Taking account of heat and
mass transfer between cells in the so-called subchannel method of calculation is a sub-
stantial contribution to the thermophysical basis of fast reactor cores [10].

According to the subchannel method, a fuel element assembly is divided into a series
of parallel channels, and conservation of mass, momentum, and energy equations are solved
for them. This gives the coolant velocity and temperature rise distributions along the
channels. :

The systems of conservation equations formulated by various authors differ in the com-
pleteness and accuracy with which the physical effects and mechanisms of interchannel inter-
action are taken into account. Consequently, the programs of the subchannel calculation (in
which the conservation equations are solved) differ in the class of solvable problems and
the acuracy of the description of the thermal—hydraulics.
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Fig. 2. t&?x) Distribution of maximum temperature
of inner surface of fuel element cladding over the
cross section of a FEA; Ati) temperature rise of
coolant; Aty,) temperature nonuniformity around
perimeter of fuel elements: —) statistical cal-
culation; —+—) "tight'" bundle model; ---) "sepa-
rated" bundle model; ®) displacer.

An analysisof themethods and programs of the subchannel thermal—hydraulic calculationof. fast
reactor FEAled tocorrect formulations of the subchannel method [13] and the development of
the TEMP and CORA programs. Considerable attention was paid to the thermal—-hydraulic cal-
culation of FEA in the peripheral region, which is the most dangerous from the point of view .
of temperature nonuniformities [8]. The peripheral fuel elements are surrounded by cells
with a different geometry. As a result of the fact that a different amount of coolant flows
in the cells, its temperature varies substantially around the perimeter of the peripheral
fuel elements (Fig. 3).

Liquid metals have large thermal conductivities and small volumetric heat capacities.
As a result of the large temperature rise of the coolant and high heat-transfer coefficients,
the surface temperature of fuel elements washed by metals is determined mainly by local
heating of the coolant, and not by local heat-transfer coefficients. This dapplies particu-
larly to peripheral fuel elements around whose perimeter the temperature rise of the coolant
differs appreciably.

The tolerances in the dimensions of fast reactor FEA having small-diameter fuel elements
and relatively small lattice pitches are commensurate with the transverse dimensions of the
cells surrounding the fuel elements, and this has an appreciable effect on the dlsplacements
and the temperature rises of the fuel elements, even when spacing wire windings are used on
them [14]. These questions are especially important for peripheral fuel elements on which.
the wire winding has a diameter half that for the central fuel elements. Thus, the peripheral
fuel elements can be displaced along the perlmeter of the jacket by at least half the gap
between fuel elements.
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Fig. 3. Temperature distribution of lateral fuel elements
in models of fast reactor FEA with smooth fuel elements
without displacers (A, o), with finned fuel elements with-
out displacers (A, ©), with smooth fuel elements and dis-
placers (A, @), and with finned fuel elements and displacers
(A ®).

Studies of the temperature distributions in FEA in which the fuel elements had been dis-
placed furnished important experimental and computational material as applied to characteris-
tic limiting cases of lattice deformation (single and group displacement of fuel elements
in various directions and by various distances up to contact of the fuel elements with one
another and with the FEA jacket), and have determined relations for maximum temperauture non-
uniformities in deformed fuel element lattices (Fig. 4). We have to complete experiments
in this field, correlate the results, and incorporate them into programs in order to develop
a universal procedure for calculating hot spots. : h

Heat transfer in peripheral channels frequently occurs under unstabilized conditions.
The length of the initial thermal region depends on the equivalent thermal conductivity and
the relative pitch of the fuel element lattice, the diameter of the displacers, the size of
the gap between the fuel elements and the FEA jacket, and other factors. In using formulas
for the heat-transfer coefficients and the temperature nonuniformities around the perimeter
of peripheral fuel elements, it is necessary to keep in mind the relative length of channels .
for which the formulas are recommended. : '

Fins on fuel elements imprové heat transfer to liquid-metal coolants by promoting inter-
mixing of the coolant over the cross section of the FEA, but on the other hand they produce
a local increase in the temperature of the fuel element cladding.

Thus, the hydrddynamic and heat-transfer peculiarities in fast reactor FEA are mainly
associated with the peripheral rows of fuel elements and the use of sodium as a coolant.
These peculiarities are the following:

‘the temperature nonuniformities around the perimeter of the peripheral fuel elements
are an order of magnitude larger than for central elements; '

there are large nonuniformities of the coolant flow rates around the perimeter of the. -
peripheral fuel elements;
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Fig. 4. Maximum temperature nonuniformities of an
unfinned lateral fuel element of a FEA without dis-
placers: 1) displacement of a group of fuel elements;
2) displacement of a single fuel element; 3) nominal
geometrical conditions.

interchannel intermixing has a decisive effect on the velocity and temperature distribu-
tions in FEA; '

the deformation of the fuel element lattice has a rather large effect on the velocity
and temperature distribution;

heat transfer in the peripheral channels of FEA occurs under unstabilized conditions.

In the last few years a great deal of attention has been'paid to the solution of the.
following problems of the thermophysics of fast reactor FEA.

Study of Blockages of Through Cross Sections of Reactor FEA. The information available
at the present time [15] indicates that a through cross section of fast reactor FEA can be-
come partially or completely blocked (Fig. 5a). This can lead to local boiling of the coolant
and the subsequent rupture of the fuel elements, which in turn can increase the blockage and
cause an accident.

Blockages can arise as a result of oxide contaminants in the coolant. The spacing lat-
tices and the wire winding on the fuel elements promote the accumulation of foreign material,
which initiates the formation of a blockage. Fuel element failure duve to fabrication defects,
structural defects, and improper operating conditions can alsoclead to blockage.

Blockages are classified as local and global, in the central and in the peripheral
regions of the FEA, solid or porous, two-dimensional or three-dimensional, active (energy
releasing) and nonactive, etc.

Many investigations have shown that a stable recirculating flow exists beyond a complete
blockage in rod assemblies with a relative pitch of more than 1.1 (Fig. 5b). The divided
flow is united at the end of the recirculating flow, where a stagnation zone is formed [15,
16]. The length of the recirculation zone is estimated as 1.3-2.6 diameters of the blockage
for a central blockage, and 1.3-4.8 diameters of the blockage for alateral blockage (Fig. 5b).
The wake area beyond the blockage is 5-10 times longer than the recirculation zone. .

Recent research on the local hydrodynamic characteristics of a blocked model fast reac-
tor FEA [17] (relative pitch of smooth rods1.17, hexagonal jacket, 557 blockage of through
cross section in the center) furnished rather detailed information on the physical pattern
of flow in the region of the blockage. The recirculating flow zone has the shape of the
frustum of a cone whose height is the length of the recirculation zone, and whose base is
a circle with a diameter of three rod lattice pitches and an area 3/4 the area of -the blocked
cross section of the FEA. '

In the central part of the FEA the length of the recirculation zone is ~1.7-1.9 times
the diameter of the blockage. In intermediate fuel elements the recirculation zone varies
around the perimeter of the fuel elements, decreasing in the direction from the inner part
of the FEA toward the periphery; in the region of a lateral fuel element the recirculating
flow exists only over a relatively small part of the perimeter facing the inner part of the
FEA; in the region of a corner fuel element there is practically no recirculation.
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Fig. 5. Schematic diagram of a) blockage of through
cross section in a FEA, b) recirculation zone beyond
central blocked part of through FEA cross section, and
c) dependence of maximum overheating of coolant beyond
complete blockage on the fraction of the through cross
section of the FEA shut off, according to data of various
authors: 1) blockage; to) temperature of coolant at
entrance to blocked zone; x, e, o, ®, ®) experimental
data [15]; ---, ——, ——, -x-) calculated relations
[15]; ++-) our generalized relation.

If the fraction of the cross section of a FEA which is blocked is increased to the value
B = 0.7, the flow rate of the coolant through the FEA is decreased no more than 15%. The
maximum overheating of the coolant beyond the blockage occurs for B = 0.3 (Fig. 5¢c). On the
basis of correlated data Bogoslovskaya et al. [15] derived formulas for estimating the flow
rate and overheating of the coolant in blocked FEA as a function of the degree of blockage of
the cross section. The temperature rise ‘'of the coolant beyond a lateral blockage is 1.5-2
times larger than the temperature rise for a central FEA blockage of the same size. This
is a result of the smaller mass and heat transfer beween the wake area and the outer flow
for a peripheral blockage than for a central blockage.

The Use of Counter Wire Windings on Fuel Elements. The USSR work program for fast reac-
tors [2] provides for further development of thermal-hydraulic research on the optimization
of temperature conditions in fast reactor cores.

‘The nonuniform energy release over the cross section of fast reactor FEA, particularly

FEA near a baffle, the formation of hot spots as a result of systematic and statistical in-

homogeneities of the fuel, tolerances in fabrication and arrangement of the fuel elements

in the lattice and deformation of the lattice during reactor operation (bowing, displace-
ment, swelling of fuel elements under deep burnup, etc.) necessitate the flattening of the.
temperature over the cross section of a FEA. A promising method for doing this is to use
counter windings on the fuel elements. With these windingsheat and mass transfer are greater
than with unidirectional windings, and there is a certain decrease of the hydraulic resistance
of a FEA [18, 19]. '

The temperature distributions in model assemblies with unidirectional and counter wind-
ings were compared [18]. Two variants of counter helical fins were used: an alternation of
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ter ribbing over neighboring rows of fuel elements. The comparison showed that counter windings
decreased the nonuniformities in the heating of the coolant in a FEA by a factor of 2-2.5.
The temperature nonuniformities of boundary fuel elements were also very much smaller.

The distribution of the liquid temperature over the radius of a FEA for the same energy
release in a central fuel element is more uniform for counter windings; the heating of the
coolant in the surrounding fuel elements of the cells is ~607 lower and in the next row of
cells higher than for unidirectional ribbing on the fuel elements. This indicates more in-
tense spreading out of the heat for counter windings on the fuel elements, which may have
an important application for decreasing the temperature nonuniformities in FEA.

Temperature Fluctuations in the Sodium Stream at the Outlet of Fast Reactor FEA (mixing
of sodium streams with different temperatures above the core). A study of temperature distri-
butions and fluctuations at theoutlet of fast reactor FEA is necessary because of the urgency
of questions of the thermal stability of FEA and structures above the core, and also because
it is necessary to develop methods of monitoring the coolant temperature at the FEA outlet,
i.e., to diagnose processes occurring in reactor cores when the operating parameters deviate
from nominal or in emergencies. ’

The solutions of these problems require the study of the laws of intermixing of coolant
streams with different temperatures at the outlet of a FEA and the generation of thermal
noise; the laws of the spreading of a hot spot over the core; the laws of behavior of the
temperature of a FEA cap when there is a sudden change of the temperature conditions, etc.

The results obtained can be used to solve problems related to the construction of tem-
perature-sensitive elements and their optimum disposition above the core;‘ to solve problems
related to the diagnosis of the overheating of a FEA or a group of FEA (formation of a global
hot spot), to the blockage of part of the through cross section of a FEA (formation of a
local hot spot), to different heat outputs of the fuel elements, etc.; for the reliable moni-
toring of the temperature distribution in reactor zones when as a result of the alternation
of zones of energy release and breeding there is an increased probability of temperature
drops in a zone in comparison with a uniform core; in obtaining input data for developing
methods of calculating the thermomechanical durability of FEA and structures above the core.
The statistical characteristics of temperature fluctuations are being studied primarily in
order to judge the local aspect of the process of mixing sodium streams at a FEA outlet.

} Effect of Different Heat Outputs of Fuel Elements. An increase of the heat output of
one or three fuel elements in a FEA with wire windings leads to a certain increase in the
fuel element temperature and the maximum dimensionless nonuniformity around the perimeter of
the fuel elements with an increased output [20]. For the alternation of energy-releasing

and non-energy-releasing rods in a FEA with wire windings mocking up fast reactor FEA, the

dimensionless temperature nonuniformities around the perimeter of fuel elements may be in-
creased by a factor of 1.2-1.4 '

Recent experimental research on temperature distributions in FEA in which the energy
release varied over the FEA cross section [18] showed that the temperature nonuniformities
around the perimeter of fuel elements of FEA with an energy release which varied over the
cross section were 50-607 higher than for a constant energy release. In view of this, the
question of temperature nonuniformities around the perimeter of fuel elements when the
energy release varies over the FEA cross section is very urgent and requires further study.

NOTATION

s, pitch of fuel element lattice; d = 2R, outside diameter of fuel element; s/d, rela-
tive pitch of fuel element lattice; ty, temperature of fuel element surface; tgax) tﬂln,
maximum and minimum temperatures of fuel element surface on the part under consideration; ti,
temperature rise of coolant in cells; Atg = tgax - twl » temperature nonuniformity around
fuel element perimeter; At, p, Cp, thermal conductivity, density, and specific heat of
coolant; Dy, diameter of blockage; Re, Pe, Reynolds and Peclet numbers calculated for
coolant velocity w averaged over FEA cross section and hydraulic diameter of central cells

of FEA; B, ratio of blocked through cross section to total through cross section of FEA.
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INTERACTION FORCES AND DEFORMATION OF FAST-REACTOR FUEL
ASSEMBLIES

Yu. I. Likhachev and L. V. Matveenko UDC 621.039.546.8

The inhomogeneous expansion of fuel-assembly casings due to nonuniform temperature and
neutron fields in the cores of fast reactors at large fluxes results in significant distor-
tion of the fuel assemblies, which leads to their mechanical interaction in the core. To
ensure safe operation of the core, it is necessary to know the kinetics of variation in the
elastic deformation of the casings and the interaction forces between fuel assemblies.

Note that the casing of the control and safety system is of significantly greater rigid-
ity than the fuel-assembly casings, and is made from low-expansion and low-creep matrial.l
In addition, nonuniformity of the neutron and temperature fields is observed around the units
of the control and safety system, which influences the distortion of the neighboring fuel
assemblies. With frequent relocading of the core, when the individual spent fuel assemblies
are replaced by fresh ones, which are straight and unswollen, inhomogeneous three-dimensional
interaction between the fuel assemblies arises close to the replenished units.

At present, computational programs for taking account of all the above-noted inhomo-
geneities are at the disposal of these developing fast reactors. According to the available
data, these programs are based on the use of two methods: the method of gap iteration, for
example, DDT (German Federal Republic [1]), and the HARMONIE energy method (France [2]). The !
two methods entail the use of a high-speed computer with a large operative memory, since a
large number of laborious operations must be performed. This complicates their practical
application. In addition, in the opinion of researchers, the convergence of the methods can-
not be established theoretically, but only on thebasis of experience in using the algorithms.

At the Physical and Energy Institute, a mathematical model and method of calculation for
fuel-assembly deformation in the core of a fast reactor in a three-dimensional formulation
have been developed. The equilibrium equations for the fuel-assembly system in the core are
equations ensuring that the flexural forces acting on the assembly are equal to the uniformly
acting contact forces on the faces of the assembly in contact with adjacent fuel assemblies.
This system of equations is nonlinear, since the flexural forces act on the fuel assembly
only on contact with the adjacent fuel assemblies, which means that the equation needs an
additional coefficient equal to zero in the absence of contact and unity otherwise.

The search for the equilibrium position of the fuel-assembly system is based on Lagrang-
ian variational principles [3], when the equilibrium equation is replaced by the condition
for a minimum of the system's potential energy, under the condition of compatibility of the
deformation.

In the present case, this entails that the fuel-assembly cross sections do not overlap.
The following assumptions are made here: the fuel assembly is hinged to the upper and lower
plates of the delivery collector; contact forces are directed perpendicular to the faces
(frictional forces are neglected); torsion of the rod is not considered; contact may occur
along a plane (the distance piece at the face of the fuel assembly in the upper part of the
casing) and in the middle of the core length; creep deformation is taken into account ac-
cording to aging theory.

Thanks to the linear dependence of the radiational-creep rate on the stress, solving
the creep problem reduces to solving a series of elastic problems with reduced elastic moduli,
decreasing as the number of displacements per atom increases [4, 5], Taking the radiational
swelling into account reduces to summing the distortions due to nonuniformity of the swelling
deformation over the fuel-assembly cross section with the temperature distortions [4, 5].

The potential energy of the system is the sum of the potential-energy values of the
individual fuel assemblies, which consist of the energy of fuel-assembly flexure on account

Translated from Atomnaya Energiya, Vol. 58, No. 4, pp. 232-237, April, 1985. Original
article submitted July 23, 1984; revision submitted November 15, 1984.
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assembly faces under the action of contact forces at the level of the planes and in the middle
of the core. The potential energy is described by a function of the displacement of the
fuel-assembly faces, and the dependence of the forces on the displacement is assumed to be.
linear, taking account of the variability in the reduced elastic modulus over the length of

the fuel assumbly.
The flexural energy of the faces is expressed in terms of their rigidity ky, k, and the
flexure of the faces at two levels §; (i =1, ..., 12)
f

ey = Ky (8 )H—‘-‘ ko (81)2

where §i (i = 1 .., :6) denotes the flexure of the faces of a hexahedron at the level of the
planes; §i (i = 7,...,-12)denotes theflexure of the faces at the level of the center of the '
core; kj (j =1, 2) is half the rigidity of the face at the given level.

. The energy of rod flexure with a variable elastic modulus over the length may be deter-
mined in terms of the displacement from the 1n1t1al position of the rod with respect to the
X and Y axes at the level of the vertices OX and &y and at the level of the center of the
core °x and 8¢, where contact with the adjacent fuel assemblies is observed. The energy of
rod flexure will be '

o= 1 [(82)% 2 (81)2) 4 1, 1(8)2-4 (B7)2] 4 o (BL8 -+ 8155,

where n,, n,;, n; are coefficients expressed in terms of the fuel-assembly rigidity in flex-

ure
Faq k 1

—;—’-_(7"—:7??‘:'—""‘;:) P 2 (kyyligs-—K75) ;

n(=

. ’ﬁo
T oy N

ki;, ky,, k,, are Maxwellian influence coefficients.

Since the flextural forces under whose influence the rod axis is shifted by Gx, 8% Gy,
82 are uniformly acting contact forces on each fact, and the latter, in turn, are linear func-
tions of the face flexure, the displacement of the rod axis is expressed in quadriatic form
in terms of the displacement coordinates of the face centers at the two levels, which corre-

sponds to a (12 x 12) matrix

f 12
U == izi Ry (82 4+ 3 Iy (8;)2
~ =7

Loy [y deyony 4 Feynkaot, )2 (Rey Je oy - Feyokeyou,)2) - (1)
A1 (Rl sty - Tegnfegtto)? - (Rl oty = Feaoleyor,)?]
+na [(Fyfeyay 4 Fyleg) (kpoltyon 4 Foskao) -
b (e Feyoeg - Byoleg) (gl g -1 Fanlests )],
where
( V372 s 4- 8, — 8, — 8,)
l V 31284+ 8, — 8y — 1)
R, { 8y 1/28,-—1/28, — &, —
l — 1728, +1/28;
{074 1/28, —1/28,— §,, —
L —1/28,, + 1/28,,.

Taking account of the large number of rods in the core, minimization of this quadratic

form becomes difficult. Reducing the quadratic form in Eq. (1) to the sum of squares entails
passing from the original basis to one whose elements are eigenvectors of the energy matrix. -

Flexure of the hexahedral faces under the action of contact forces' at the two contact
levels may be characterized by 12 two-dimensional radius vectors, each of which runs from
the initial position of the center of the face to the position of the center of the face after
flexure. The set of these 12 two- dimensional vectors is regarded as a vector in 24- dimension-
al space — the space of deviations M. Formally expanding this space to complex form M. and-
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Fig. 1. 8Set of basis vectors.

12
introducing the scalar product (r;,r,) = Y (r§", r;*) , where (rj",r{®) is the usual scalar
i=1 i ]

product in two-dimensional space, group-representation theory may be used to find the basis
vectors of space M.

The symmetry group of a hexahedral rod is the group of motions of a hexagon Dy of twelfth
order. The representation of this group acting on the elements of the given space will be
called a mechanical representation. Then, the irreducible subspaces of Mc will be transformed
with respect to irreducible representations of the mechanical representation.

Determining the number of appearances of the irreducible representations of group Dg
in the mechanical representation and the corresponding basis vectors, aset of basis vectors
for deviation space is obtained (Fig. 1). The coordinates relative to these vectors are
called symmetric.

The potential energy of the rod is expressed in the form of a positive-definite quadratic
form of the symmetric coordinates. On rotation and displacement of the rod as a whole, the
potential energy is unchanged, since the relative distances are unchanged. This significantly
limits the possible values of the coefficients of this form. Averaging over the elements
of group Dg and taking account of the orthogonality of the matrix elements, it is found that
the quadratic form breaks down into the sum of quadratic forms, each of which depends only
on the symmetric coordinates associated with only oneirreducible representation of group D,
The number of quadratic forms with perfectly identical coefficients into which the specified
form breaks down is determined by the dimensionality of the representation. Passing to real
vectors, it is found that

U=k (G @+ L k(g )+ F (@) = o gk gt - (0500 - gs01a),s (2)

where f,, f,, f; are functions expressed in terms of k,,, k,,, k,,, and k,, k,; q; (i =1,
..y 12) are new coordinates.

The nominal position of the fuel-assembly is characterized by two parameters i, j: re-
spectively the number of the series and the number of the fuel-assembly in the series, count-
ing clockwise from the Y axis (Fig. 2). The fuel-assembly faces take the number m = 1,

L}
6 for the vertex level and m = 7, ..., 12 for the center of the core.

The straight lines connecting the centers of adjacent fuel assemblies in the initial
unshifted position are directed at an angle of 60° to one another. In each of these direc-
tions, the hexahedron may come in contact with the adjacent fuel-assembly. Since it is sup-
posed that the contact forces act perpendicular to the faces which are parallel to the
straight lines connecting the centers in the nominal lattice,. the orientation of these faces
is unchanged (they are not rotated).

Then .the compatibility condition for the deformation in the fuel-assembly system will
be that the gap between the centers of the hexahedra with respect to each of these directions
must be larger than or equal to the sum of half the dimensions under the key of the contacting
hexahedrons minus the flexure of the twc adjacent faces under the action of the contact forces,
i.e., the projection of the relative displacement of the centers of the hexahedra in the
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Fig. 2. Calculation scheme for core.

direction of the lines of their centers in the nominal lattice must be larger than or equal
to half the sum of the dimensions under the key of the fuel-assembly minus the flexure of
the two adjacent faces

. ' (63 — 8%y ul v (8 — 88y ui L 67+ 834 Do 6 = D+ (xf — 2By ul + (yi — yPyul, - {3)
where 6;, 61 denote the displacement of the center of the hexahedra due to flexural forces
from the position of free flexure along the axes X and Y; xir, yiT are the coordinates of
free flexure of the i-th hexahedron (i = A, B); 8A{ is the flexurée of the i-th face of the
hexahedron A as a result of the action of contact forces (the direction from hexahedron A is

chosen as the positive direction §i); ui, u; are the directional cosines of the straight line’

between centers; D is the half sum of the dimensions under the key of the hexahedra A and

B, taking account of the swelling and radiational creep of the casing; 5B(i+3)mods is the
flexure of the face of hexahedron B adjacent to the m-th face of hexhedron A. An equation
of the form in Eq. (3) is written for each face of the two levels and takes the form of a
deformation compatibility equation. Writing the deformation compatibility equations in sym-
metric coordinates entails expressing the flexure of the faces in new coordinates.

For each rod, the vector with the flexure of the 12 faces of the hexahedron as its ele-

ments. may be obtained by multiplying the vector of new coordinates by the unitary orthonor-

malized matrix A
8= 4 4 (a 0)
A ‘M;_Oa,
(vz v2 2 0-2 o)
V2 —V2 -1 V3 —1V3
P V2 1 2-1—yY31—V3
V3 lys Y3 2 0 20
VE V2-1V3 1y3
[1/2 —V2—-1—-Y3 -1 V3
Substituting the valuevofyd into compatibility Eq. (3), it follows for internal fuel-
assemblies of sector 60° that: . '

a)
- =V B1E}k} g 7+ Kk gl —
‘—kﬁi'ik’i“' iqé+1. i-k}%_“‘ .ikg-n. i !11;51' j) ulL
RR (Y RN N R i AR A
L . & . (4)
—kie R g uf 4 X gl
) =t
+ £ aygit " oy <0
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b) the equations for the remaining faces are written analogously.

In general form, the compatibility equation is
- Bq<Ch. ‘ _
- Thus, the following nonlinear-programming problem is obtained: to minimize 1/2qTCq under
the condition Bq £ b, where C is a symmetric positive-definite matrix, so that the target

function is strictly convex. The Lagrangian double problem consists [6] in maximization of
8(A) when A 2 0, where . .

8 (4) = inf {5 q7Cq + )7 (By—b): € Ey }. . | (5)
At fixed A, the function 1/2qT Cq + AT (Bq ~ b) is strictly convex, and reaches a minimum
at a point satisfying the equation :
‘ Cq—}—BT?\. = 0. : : 7 (6)

Thus, the double function may be written in the follow1ng form: to minimize (l/Z)qT? i
Cq + AT (Bq — b) under the condition Cq + BT 1 = 0; A 2 0. .

Since C is a positive-definite matrix, there exist an inverse matric C™* and a unique
solution of Eq. (6) _
’ q= -—-C—lBTL.
Substituting this expression into Eq. (5) gives

8 () = -+ ATDA—ATh,

where
D= —BCB".
Then the double problem is written in the following form: to maximize (1/2)AT DA — ATb
under the condition X 2 0. It is solved by the gradient method by the scheme given below.

With specified A, V8(A) is calculated:

VO (A)=DAL—b=g.
The definition of g is _ o
’ . g if A>0 or £>0;

gi:{ 0, if A,=0andg;<<O0..

Next, A is specified. If g = 0, the vector A is the optimal solution. Otherwise, g
. is an acceptable direction of search. Optimizing 6 from the point Ak along the direction g
so that the condition of nonnegativity holds, the new point Ay4; is reached. Then the pro-
cess is repeated, i.e., in each step the problem of maximizing e(lki-ugk) under the condi-
tion A\ + ugg 2 0 is solved.

Let ug be the optimal solution of this problem,

glen
Ups — A:
g, Dgs
Then it is assumed that
Mesr=ny +ug,

and the vector gg4; is determined. If gg4, = 0, the vector Ay is an optimal solution of the
given problem.

To determine the matrix D the coordinates are expressed in terms of Lagrangian coef-
ficients
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Fig. 3. Contact forces (kgf; 1 kgf = 9.807 N) at the fuel-assembly faces of a reac-
tor of type BN-350 after 500 h operation without reloading, at the level of the
planes (a) and at the level of the central core (b).

Gn= A,Q
n 2A1 Z m%mins
ma=1 )
[
1 < .
Inee = — 2k, Zl Ai6Bmny, 1= 1, ..o 4
m=1 : -
l" 6 6
q'z=pn z_J lul’!’ly 1)"l+6ul -~ Xnv
L4 mesq

n =23, 6, 11, 12;
=V 3 (fskyjk; — 20k (f5 — 4hif2)s
¥,=V3 (fakejokej — 2f horeke )I(f3 — 4f\f2);
A = G (fihiy — 2f03);
j=2, (=1, i=m, iy=m+6 for n=35,6;
j=1,1=2, i=m+6, i;==mfor n=11, 12;
§=2, p=5 for n-—=5, 11; ‘
s=1, p=6 for p==6, 12.
Substituting the results in Eq. (4) gives the system

-3 led +atud (b AP IR
=t

+7\4§+6k12 —h}ié Jk1+1 J)
1 1 i, J i, 7 i, 7;,
_(2ki_j+—2”1:i';r7)}"1 +o} =gl

6
—_ 2 (u,‘u} —{—'ulzu%) x
1=1
X(l;‘]kl i x‘l-{-i ]k1+1 i *‘}\'I+6 22'_‘7\11-{-6 k’l+i ])
1 1 i, i __ i,
—(—2])”3‘,- +-—_2k§+‘~j )7~7 +by’=g7’,
which is a developed form of the system VO()\) =

A—b=g. It is obvious that the coef-
ficients A may be understood as contact forces.
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In each row of the resulting matrix U there are no more than 44 nonzerc eiements. ror

the BN-600 reactor, its order is approximately 4000. The given algorithm is realized in the
form of a program written in Fortran for the ES-1060 computer, the scope of which satisfies
the constraints imposed. '

The calculation time for a single variant of the equilibrium state of the zone, with
an accuracy of ~1 N for the interaction force beteeen the fuel assemblies, ismo more than 30
sec. The results of calculating the interaction force between fuel assemblies in the middle
part of the core of a reactor of type BN-350 including elements of the safety and control
system are shown in Fig. 3. The interaction forces (at the faces) after 5000 h of reactor
operation at nominal power without reloading are shown. The elements of the safety and con-
trol system are shaded in Fig. 3. It is evident that the distribution of contact forces at
the fuel-assembly faces is inhomogeneous, and depends on the position and orientation of fuel
assemblies in the core.
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PULSATIONAL CHARACTERISTICS OF THE NATURAL-CIRCULATION LOOP
OF A LARGE-SCALE MODEL OF A LIGHT-BOILING BOILING-WATER
REACTOR ‘

A. S.Babykin, B. F. Balunov, UDC. 621.039.553.34
T. S. Zhivitskaya, E. L. Smirnov,
V. I. Tisheninova, and N. G. Chernykh

In this paper the results of an experimental study of a natural-c¢irculation (NC) loop,
whose geometrical and hydraulic characteristics are presented in [1], are described. The
range of state parameters encompassed in the experiments is also indicated in [1].

The distinguishing feature of a light-boiling NC loop is the substantial change in the
coolant density in it in the thrust section accompanying an insignificant change in the output
steam content xQUt. This phenomenon is linked to the nonlinearity of the dependence p = £(i),
which has a %“zone of high values [dp/di['at i = i', Significant increments to the values of
the heat content of the coolant in the simulator of the core (c) Ai, = Ep(Atunder)én'+ rxgUt -
(di'/dp)Apc [wherec, is the isobaric heat capacity of the coolant; (Atypder)i™' = tgar — t$n is
the underheating of the coolant up to the saturation temperature at the inlet to the simulator
of the core; r is the latent heat of vaporization; Ap. is the pressure drop in the simulator
‘of the active zone; xQUt = 1/r (iQut — i') is the balancing steam content of the coolant at
the outlet from the core simulator] lead to the fact that small relative changes in the coolant
flow rate or the intensity of the core (withatén = const) are associated with. changes by several
factors in the coolant density in the thrust section. The height of this section is equal to

Translated from Atomnaya Energiya, Vol. 58, No. 4, pp. 237-241, April, 1985. Original
article submitted January 17, 1984; revision submitted June 11, 1984,
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Fig. 1. The dependence G = £f(x%%%) with p = 1.7-2.3 MPa.
Here and in Fig. 2: @) Ng = 1760 kW; 0) N, =1580-1630 kW;
®) No = 1430-1560 kW; a) N, = 1110-1340 kW; I) zone of
pulsations of the coolant flow rate; II, III, IV).lines
averaging the experimental data; ——) boundaries of the
spread in the experimental data.

7.2 m, or 707 of the total height of the NC loop. Thus, the thrust pressure in the NC loop
is primarily determined by the steam content in the thrust section. The actual transit time
of the two-phase coolant through the thrust section is equal to 6-12 sec. As pointed out in
[2], the indicated factors can lead to the appearance of general loop pulsations in the flow
rate of the coolant in the NC loop.

The calculation of the hydrodynamic stability of the circulation loops is based, 'in par-
ticular, on the stationary characteristics of the loop [for an NC loop, for exqmple, G =
£(xQUt) for constant values of the pressure pQUt, intensity N. or temperature t3?, and water
level in the model]. These characteristics of the NC loop under study are presented in [1].
This paper is concerned with the solution of the following problems: to determine the boundar-
ies of instability of the operation of the NC loop under study accompanying a change in the
state parameters and the introduction of several structural changes and to check the effec-
tiveness of the methods used to increase the stability of the NC loop.

The pulsations in the flow rate of the coolant, accompanied by pulsations in the pres-
sure in the model and of the coolant temperature at the outlet from the core simulator, were
observed in the zone where the natural circulation of water changes into the natural circula-
tion of the two-phase flow (see Figs. 1 and 2). This transition is characterized by high
values of B = dG/GdiSUt. For a known stationary flow rate characteristic of the loop, we
used the following dimensionless parameter as the static feedback gain:

A= 6Gout - dG  Aie
bGin digut G

The validity of this identity can be easily demonstrated, since for N. = const.a perturbation
of the flow rate 8Gin/Gin leads to a perturbation of the modulus of the output heat content
§iQ9/ai¢c = 6Gin/Gin-
The presence of a heat exchanger, the coolant transit time through which exceeds ap-
proximately by a factor of three the period of the pulsations of the flow rate, practically
eliminates the pulsations in the coolant temperature at the inlet to the core simulator. For
this reason, the loop can be viewed as a quasiopen loop at the inlet. To simplify the cal-
culations we shall approximate the experimental dependence G = f(xSUt) presented in Fig. 1
by the dashed line II-IV. We note that for natural circulation of a single-phase coolant
(the line II) the value B ~ 2:1073 kg/kJ, and for the transitional region (the line III)
B = 261073 kg/kJ,* i.e., for the same values of G the gain in the second case is approxi-

*In determining B we shall use the value G = Ggp at the point of intersection of the lines
IT and III. In the first approximation this vague of G corresponds to thelminimum flow rate
of the coolant in the pulsation state.
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mately 10 times higher than that in the first case. From what was said above it also follows
that pulsations (or their maximumamplitude) with x8“t'corresp9nding to the center of the line
III are most likely to appear. The latter fact is confirmed by experiment (see Figs. 1 and
2).

An increase in the power leads to a growth of Ai,, but decreases the probablility of
finding the entire range 618“t'in the zone of large values B = Bpax (with 8G/G = idem). In
addition, an increase in power is accompanied by an increase in the flow rate of nonboiling
coolant Gsp (line II) with, for all practical purposes, constant flow rate Gtp on the line
III and by a decrease in the value of Bmax. The monotonic increase in the amplitude of the
pulsations with increasing power of the NC loop is therefore notobvious. The latter was
registered in experiments (see Fig. 2). The depencence AG/G = f(N.) cannot be clearly
discerned in the graph.

The amplitudes of the pressure pulsations were equal to ép = +(1-2):10"2 MPa, the ampli-
tudes of the pulsations of the total pressure drop on the core simulator §(Ap.) = #(0.4-2.6)
kPa, and the amplitudes of the pulsations in the temperature of the coolant 6tgut =*(0.2-
0.5)°C, i.e., §tQut= 3tgay/ap(sp).

The value of the parameter A with constant power can be decreased by injecting dry in-
ert gas with a low relative flow rate Bg = Ggp,/Gpg into the lower part of the thrust section
(Figs. 3 and 4). In this case, the maximum values of the parameter A decrease both as a
result of the increase in Gsp [with Gtp remaining practically unchanged (line IV)] and as a
result of a decrease in Ai¢ = N¢/G. In experiments with' injection of cold air (t » 20°C) at
the inlet to the thrust section, the amplitude of the pulsations was reduced to an admis-
able level (4G/G < 0.07) in the entire range of xQUt studied for Bg > 0.01 (Ng = 1000 kW).

At the same time, the value of B for the transitional region decreased by a factor of 1.5.

It follows from Fig. 3 that for the zone with the nonboiling coolant the tangent of
the slope angle of the line II is larger than that of line I. This phenomenon is attribut-
able to the increase in the volume of gas bubbles in the thrust section as a result of their
heating up and the evaporation of moisture into them from the sturrounding water. Calcula-
tions as well as separate experiments shlowed that the intensity of the heat and mass transfer
process. studied is high and the thrust pressiire of the NC loop can be determined with
Bt =B = _G}",f‘w, l—p!ll{l3<i//"t,s»
* Tmix Gog' X t—pfiSolrrs
where Bt.s is the average volume flow rate of the gas content over the height of the thrust
section in' the nonboiling operational states of the NC loo'p;’p’é‘lx is the density of the' gas
in. the thrust section, determined at the temperature of the mixture tmix; pt.s is the average
pressure of the coolant at the height of the thrust section; pinjy g is the water vapor pres-
sure in the gas injected from the outside; and Pt°sH20 is the equiiibrium pressure of the
water vapor in.the thrust section, determined: for tpix.

For' the' low values of Gg/G ~ 2.3-10"“ observed in the experiments, the evaporation of
water in’ the gas bubbles causes tmix to drop below the initial temperature of the water ty
by less than 1°C. Thus, for xQUt ~ —0,5% in the experiment, as a result of the process under
study the volume of the gas bubbles increased by a factor of ten, and this in what is re-

sponsible for the high efficiency of the proposed method for eliminating pulsations in the
flow rate of the coolant.
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Fig. 3.. The dependence G = f(xQ%%) with p = 1.8-2.3
MPa, and Nc = 1000 kW. Here and in Fig. 4: ) without
injection of air; ©) with injection of cold air into
the lower part of the thrust section (Gair = 1.1:1073
kg/sec); I, II) lines generalizing the experimental
data.

The approximately 40-fold increase in the value of the overall reduced drag of the NC
loop ¢NCyred, with the ratio of the total drags of the single- and two-phase parts of the
loop remaining unchanged, caused an expansion of the zone ngt, characterizing the region
with pulsations in the flow rate:

NC
red_

211, EF =4.3;

—0.2% <aP' < 0.8% for & E o™

—03% <Dy <1.8% for B~ 700 — 900,
3 =
Emd_ilo

The displacement of the lower boundary is probably associated with the longer, for the second
case, delay time for the change in the thrust pressure (the dynamic feedback gain), since

the time of arrival of the boiling water (xQUt = 0) in the two-phase part of the NC loop was
equal to 15.3 sec and 37 sec, respectively. The displacement of the upper boundary is largely
. associated with the trapping of steam in the descending section of the NC loop, which decreases
the value of xtp and Gtp (the coordinates of intersection of the lines III and IV). Thus,

this ''parasitic" phenomenon has a positive effect on the stability of the NC loop.

A significant destabilization of the coolant flow rate in the NC loop occurs when the
water level in the descending section drops to the bottom cutoff of the overflow openings
and lower {(hdes £ 0) (Fig. 5). In the last case, a 'rupture' of the NC loop occurs formally,
though when steam is being generated the weight of the column of water in the descending
section of the loop is still greater than the weight of the steam—water mixture in the ascend-
ing section; circulation along the loop remains, but it is accompanied by free flow of the
coolant (the so-called "waterfall state"). 1In this case, in the presence of the disturbance
the drop in the flow rate of the coolant, accompanied by a growth in the steam content in
the ascending section, causes part of the water to be ejected not into the stagnant zone
above the NC loop (as in the case hdes > 0), but rather intothe descending branch of the
loop, which additionally increases the amplitude of the oscillations in the flow rate. . In

*In calculating the total reduced drag of the two-phase part of the NC loop (gggd), we in-
cluded 127 of the length of the core simulator (from the calculation Aic = 210 kJ/kg, X8Ut =
0.5%), the upper end and one spacer grating, the entire thrust section, and the overflow open-
ings (the latter is linked to the specific experimental loop, whose thrust section has a

small diameter, and therefore in this case a large fraction of the gas bubbles is carried
away through the overflow openings [1]).
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the experiments performed, for hdes < —0.3 m, the minimum value of the flow rate over the
period of the pulsations Gpin = 0 and AG/G = 1.0. We point out that in our previous work

[3], on a somewhat different NC loop (with p 2 2.5 MPa, x8Ut = 0.07-0.1), the lowering of

the water level in the descending section to hdes = —2 m (hNC = |hdes|/hNC = 2/3, where hNC
is the height of the NC loop) gaverise to a linear decrease in the flow rate in the loop and
was not accompanied by pulsations in the flow rate. The periods of the pulsations in the

flow rate (T,) were equal to 5-15 sec, which differed by not more than *15% from the computed .
transit time (Tcomp) of the equilibrium homogeneous coolant through the two-phase part of the
NC loop. ) o

Increasing the water level in the model, i.e., lowering the height of the pressure com-
pensator (PC) below 0.5 m decreased the amplitude of the pulsations in the flow rate and the
amplitude of the pressure pulsations [from (1-2)-1072 MPa to 0.03 MPa]. This fact was re-
ported in {4], where this phenomenon was attributed to the increase in the "rigidity" of the
pressure compensator, or amplification of the negative féedback (increase in the flow rate—
.decrease in the steam content in the ascending branch of the NC loop—increase in the volume
of the PC—drop in the pressure—increase in the steam content in the NC loop, i.e., decrease
in the change in the thrust pressure accompanying a change in the flow rate of the coolant
over the period of the pulsation). The practical equality T, = Teomp confirms the important
contribution of the increase in the rigidity of the PC to the stabilization of the flow rate
of NC. With a constant volume of the PC (VpC) the increase in the volume of the boiling
coolant in the ascending section of the NC loop (Vboilsgc) increases the rigidity of the PC,
while the presence of boiling coolant outside the NC loop (with volume Vb°ilout) lowers the
rigidity. For this reason, some cooling of the water over the NC loop and a transition to
gas—steam pressure compensation is preferable. Most experiments were performed with Vpg =
0.2-0.35 m3, VbOilasc = 0.12 m3, VbOilOut = 0.14-0.28 m3.

It is pointed out in [4] that the flow rate of the coolant is stabilized by choking the
- single-phase part of the loop. In the experiments performed by the authors, when the total
drag of the NC loop was increased 40-fold, choking of its single-phase part by insertion of
rings with diameters of 34, 30, and 28 mm narrowed the range of limiting values(XQut);;. with
which pulsations in the flow rate of the coolant were observed and decreased the maximum am-
plitudes of the pulsations (Fig. 6). ' '

" Increasing the minimum ‘limiting value of xQU%, however, does not increase the "limiting"
flow rate of the coolant, i.e., it does not compensate the negative effect associated with
the increase in the drag of the NC loop. We point out alsothat evengreater choking (rings with
a diameter of 20 mm) did not further decrease the range (xQUt)j;, and the values (AG/G)pax-
The latter is probably attributable to the increase in the delay time of the thrust pressure,
which begins to prevail over the positive effect of the choking of the loop.

In the experiments performed with a drag in the ascending section of the NC loop close
to the realistic value, choking, i.e., increase in £5P /eNC ' from 0.794 to 0.88, as
follows from Fig. 7, decreased somewhat the maximum aﬁblitudes of the pulsations (from 0.34
to 0.20), but, for all practical purposes, did not narrow the range of values —0.2% <
|xQUt|15m < 0.75%. The latter is probably attributable to trapping of steam in the descend-
ing section for wdes > ‘Wdes|lim and, as a result, virtual coincidence of the value of Gt
in both cases is observed (with the value of Gsp decreasing approximately by a factor of 30%
as a result of choking of the loop).
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Fig. 5.

Variation of the circulation—pulsational characteristics of natural cir-
culation accompanying a drop in the coolant level in the descending section of

the loop for p = 2 MPa, Nc = 690 kW, ti“—=187?C: o) flow rate G; e) pulsations of
the flow rate AG/G; @) the steam-content xQUut.

Fig. 6. Boundaries of the spread in the'experimental data on the dependences AG/
G = f(x8Ut) with a different degree of choking of the single-phase part of the NC
loop with increased drag of the thrust section: 1) diameter of rings dr = 34 mm;
2) dy = 30 mm; 3) dy = 28 mm; 4) dy = 20 mm.
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Fig. 7.

The dependence AG/G = £(xQUY) with different degree

of choking of the single-phase part of the NC loop: ) dr =
77 mm; o) dr = 59 mm.

Fig. 8. The dependence G = f(8Ut). Here and in Fig. 9:.0)
p = 3.3-3.8 MPa, N¢ = 1530 kW; o) p = 3.3-3.8 MPa, Nc = 1730
kW; o) p = 4.3-5,0 MPa, Nc = 1730 kW,

I) Zone of pulsations
of the flow rate of the coolant; ——) boundaries of the
spread in the experimental data with p = 1.7-2.3 MPa (see
Fig. 1).

Increasing the pressure in the model from 2 MPa to 3.7 and 4.7 MPa procduced only a
small change in the upper boundary value x8“t (Figs. 8 and 9), characterizing the zone of

pulsations in the flow rate of the coolant, from 0.75 to 0.90% and lowered the maximum values
of the amplitude of the pulsations AG/G from 0.34 to 0.25-0.20.

At the same time, the value
of (Gep — Ggp)/ Gsprixtp — x5p)QUt decreased by 25-30%.
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Fig. 9. The dependence AG/G = £(xJut).

Thus, using a large-scale model of a low-boiling boiling-water reactor, with natural
heights and reduced drags of separate élements of the NC loop, we performed'an_experimental
study which confirmed that under the conditions studied (p s 5.0 MPa; —27 < xgut>< 4%) the
pulsations in the flow rate of the coolant occurs only in the transitional zone from natural .
circulation of the single-phase medium to natural circulation of the two-phase coolant [the
latter is characterized by a plateau-like peak in the dependence G = f(xQut)]. Data were v
obtained on the effect of different factors on the further narrowing of the studied range of
variation of the boundary values xQUt and the decrease in the amplitude of the pulsations.
The most effective method for avoiding pulsations in the flow rate of the coolant in the en-
tire studied range of variations of the state parameters is to inject dry inert gas with a
low relative flow rate Bg 2 0.01 Tg/293 into the bottom cross section of the thrust section.
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CONSTRUCTION OF A MODEL OF THE PROCESS OF ACCUMULATION OF RADIO-
NUCLIDES OF CORROSION PRODUCTS ON THE EQUIPMENT IN NUCLEAR POWER
PLANTS WITH BOILING-WATER REACTORS

S. A. Tevlin ‘ » . : UDC 621.039.58'68

With modern methods for preparing water the main impurities that form deposits on the
fuel elements are the products of corrosion of the structural materials of the reactor loop.
Studies performed on nuclear power plants with water-cooled reactors show that the intensity
of the exposure dose of radiation from the equipment in the part of the loop outside the re-
actor after the reactor is 80-95Z shut down is due to the 'y decay of the activated corrosion
products (CP) [1].

One way to lower the dosage loads on the personnel at the nuclear power plant and to
increase plant efficiency is to develop measures for decreasing the amount of radioactive
deposits forming on the equipment. According to data obtained by French specialists, when
the dosage is reduced by 100 rem per year (1 rem = 0.01 Sievert), the savings accruing from
the decrease in the number of maintenance personnel is equal to 2-20 million francs [2].
Based on data obtained by American economists, one man-rem translated into ~$5000.00, and in
Canada it is regarded that expenditures of up to $16,000 are compensated if they lower the
dosage load by 1 rem per year [3]. These economic estimates provide the motivation for con-
stantly improving the methods for studying the mass transfer of radionuclides along the reac-
tor loop in nuclear power plants and calculating their accumulation on the equipment.

At the present time, the accumulation of radionuclides on the equipment is calculated
by constructing complicated systems of differential equations. The main drawbacks of these
systems are the presence of polynomidl empirical coefficients in them and the large amount
of computer time required. The empirical coefficients permit solving the system and obtain-
ing a good description of the processes occurring under those conditions for which these co-
efficients were determined (the "status-quo'" state [1]). They do not, however, enable a
satisfactory forecast of the events accompanying a change in the operational conditions of
the equipment and especially accompanying a change over to other types of setups. This problem
can be solved by constructing physical models of the process of accumulation of radionuclides
on the equipment at nuclear power plants and by constructing the analytical apparatus for
describing them. Such models permit analyzing the effect of separate states and thermophysi-
cal factors, determining the basic factors, and foreseeing in timely fashion the water state
and structural measures required to lower the rate of growth and to decrease the amount of
radionuclides deposited on the equipment in the nuclear power plant.

The generation of radionuclides of CP and their penetration into the coolant are deter-
mined by three processes: corrosion of the structural materials in the core, which is con- -
stantly located in a neutron field during reactor operation, and transfer of the radioactive
CP into the coolant; corrosion of the structural materials in the part of the loop outside
the reactor, transferof the CP into the coolant, activation of the CP in the neutron field
of the reactor within the transit time of the coolant through the core; formation of deposits
of inactive CP on the heat-conducting surfaces (fuel elements) of the core, their activation
in the neutron field, and the reverse transfer by partial erosion of radionuclides of the
CP into the coolant.

The first two processes can be easily incorporated into the analytical apparatus due
to the satisfactory approximation based on extensive experimental material, encompassing both
corrosion and transfer of the CP into the water, for different conditions close to the opera-
tional conditions of the reactor loops in water-cooled power plants. At the same time, the
approximation dependences have primarly only one argument — time [4]. The process of forma-
tion of deposits on the fuel elements includes a large number of thermophysical, hydrodynamic,
water-state, and other factors and does not at the present time have a generally accepted

Translated from Atomnaya Energiya, Vol. 58, No. 4, pp. 242-246, April, 1985. Original
article submitted February 27, 1984.
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analytical description. A model OI Tne pProcess OI IOIMALLOIl UL UBPUSLLS VI LUE uSaL LuluuLL”
ing surface accompanying boiling of the coolant was developed at the Moscow Energy Institute
(5]: :

_ Ca o — B (K —1)‘5]’
A'_-_—_lj(Kc—U [1—e c

(1)
where A is the specific quantity of the deposits of the CP, mg/m?; B is the coefficient of
erosion of the deposits, m?/kg; Kc¢ is the multiplicity of the circulation in the wall layer;
B is the intensity of vaporization,‘kg/m2°sec; Cq is the part of the total concentration of
impurity that actually participates in the formation of the deposits, mg/kg; and T is the
time, sec.

According to this model, the rate of change of the specific-quantity of deposits in time

dAldt=BCy— BCy[1— e P Fe~ V7 (2)

depends on the thermophysical conditions of steam generation (B, K.), the characteristics of -
the water state (Cg), and a combination of the properties of the impurity in the solid phase,
the material of the surface, and the hydrodynamics of the wall layer (B). The product BG4z '
in expression (2) determines the rate at which the impurity flows into the layer of deposits: -
initially at t = 0, when there are no deposits, dA/dt = BCq, i.e., deposits are accumulated.
The expression BC [1 — e BB(Kc-1)T] describes the dynamics of the reverese flow of impur-
ities from the layer of deposits into the coolant (erosion) as a function of time. Erosion
increases from zero initially to the value BCg (at t = =), equal to the inflow of the im-
purity. During this period, dynamic equilibrium between the inflowing and outflowing im-
purities forms and the amount of the deposits in the layer and the thickness of the layer
stop increasing. : :

A comparison of the calculations based on this model with the experimental data on the .
formation of iron oxide deposits gives entirely satisfactory agreement both with regard to
the general quantity of. deposits and the kinetics of their growth in time (it was assumed
in the calculations, in accordance with the experimental data, that for CFetot £ 0.2 mg/kg
Cq= Ctot, B = 1.5+107° m?2/kg for a steam-generating surface consisting of austenitic stain-
less steel and 8 = 1.0+107° m2/kg for a zirconium alloy). A model of the deposition process,
in which the flow of impurities into and out of the layer is balanced in an explicit form,
permits formulating a differential equation for the balance of the CP impurities as a whole
for the reactor loop of the boiling-water reactor: '

ac ) - e
M—== D, Cs py. + (Scoret Sex V& +. BC¢4Sf,q[1 —e BB (Kg=1%) _ |

Dy, C—Dy [0+ (1—0) Kg] C— B3 St = (Sporet Sex) AL
Here M is the total mass of the coolant in the reactor loop, kg; C and Cf,w are the concen-
tration of the impurity under study in the coolant and in the feed water, respectively, mg/
kg; Df.w, Ds, and Dp are the flow rates of the feed water, steam, and blow-through, respec-
tively, kg/sec; Score, Sexs and Sf,e are the surface areas of the structural materials in the
core, the extrareactor part of the loop, and the fuel elements, respectively, m?; WC is the
rate of outflow of the CP of the element under study, mg/(m2¢sec); w is the moisture content
of the live steam; K4 is the coefficient of distribution of the impurity under study between
the liquid and the steam phases under a given pressure; A, is the coefficient of deposition
of the impurity under study on isothermal surfaces (with nonuniform deposition of the im-

(3)

purity on isothermal surfaces Sgor 4o, = D, S;4; , where S;j is the part of the total area

o 1 _
Stot for which the coefficient of deposition Aji is known). For constant Df.w, Cf.w, WC, Cz,
Db, Ds, Eq. (3) has the following analytical solution: '
€ = Cyo=% + [ Dt Ctaw — (Seoret Sex) Wel (1 —e-C)/GM + BC,S;  [e-6s— e B8 Ke~ VT )M (G— BB (K. —1)], (4)

where G = {Db + Ds [w + (1 — w)Kd] + (Score + Sex)A,}/M; and C, is the initial (t = 0) con-
centration of the impurity under study in the coolant. Since the quantity G, entering into
the exponent of the main exponential, is much larger than zero, the concentration of the im-
purity C increases rapidly with T up to a value close to the stationary value:

Cstar =Dy Cray + (Soret Six) W V/GM —
BC,S 1.5 % ¥ "M (6 — BB (K c—1)).
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The concentration oI The 1mMpurity 1n the coolant changes turther with time due to its deposi-
tion on the fuel elements until dynamic equilibrium is established in the deposited layer.
In the limit T > ~ the impurity concentration in the coolant is given by

Grar = Dy, Ctoe T (Seoret Sex) Wl/GM. ' (5)

The time required to achieve dynamic equilibrium in the deposited layer is usually cal-
culated to be hundreds of hours (it can be equal to thousands of hours and longer only under
supercritical pressure). This is a small fraction of the total operational lifetime of the
installation (tens of thousands of hours). Most of the time the installation therefore oper-
ates with the content of the impurity under study in the coolant equal to Cgrat- As follows
from expression (5), the impurity concentration is increased by impurities in the feed water
and the corrosion of the structural materials in the reactor loop, whereas the impurity con-
centration is decreased by the blow-through, as a result of the impurity being carried away
with the steam and deposition of the impurity on isothermal surfaces. Since the amount of
impurity carried away with the steam is small, the value of Cgtat for fixed Cf,w and W¢ is
established as a function of Db and the intensity of the deposits, determined by the value
of A,. It should be emphasized that the magnitude of the blow-through Db is controllable,
while the value of A, is not. ‘

From here it follows that the efficiency of the blow-through process depends on the
ratios of these quantities. If Db 2 (Score + Sex)A,, then blow-through is effective and an
increase in its intensity can appreciably affect the impurity concentration in the coolant
(but not proportionally to the increase in the intensity of the blow~through); if, on theother
hand, Db << (Score + Sex)A,, then the blow-through is ineffective and a change in its intens-
ity in either direction does not sufficiently affect the impurity content in the coolant.

For this reason, the development of measures for increasing blow-through must precede
the technical—economic evaluation of the effectiveness of these measures.

Using expression (4) to calculate the concentration fo the impurity studied in the
coolant at any moment in time, it is possible to compare the differential equation for cal-
culating the concentration of radionuclides of this impurity in the coolant:

ar 8¢t _ _o_iﬂ)x/_lfi (1—e=4) WeScoret YiCD, ot YyBCaSt ot —e™ BB K07 _

dt
—AC*— Dp C* — (Kqret Sex) C*4,— DS [0+ (1— ) Kg] C*,

where C* is the concentration of the radionuclide of the impurity studied, mg/kg; Y, and Y,
are the activation terms; Dc is the flow rate of the coolant through the core of the reac-
tor, kg/sec; oa is the microscopic activation cross section, cm?; f, is the relative frac-
tion of the element of interest in the structural material; f, is the relative fraction of
the parent isotope in the natural mixture of the isotopes of the element of interest; ¢ is
the neutron flux density, irradiating the structural material, cm~2:sec”!; and A is the
radioactive decay constant, sec”!. Here we ignored the possible flow of radionuclides from
the feed water, and we also assumed that radionuclides only settle on isothermal surfaces
(erosion does not occur), while only nonradioactive elements form deposits on the surfaces
of the fuel elements.

(6)

The first three terms in the expression (6) describe the three above-mentioned pro-
cesses, responsible for the flow of the radionuclides of the impurity of interest into the
coolant (corrosion of the structural materials in the core; activation of the impurity during,
transit through the core; and activation of deposits on the fuel elements). The remaining
terms in expression (6) describe the loss of radionuclides of the impurity of interest by
radioactive decay and due to blow-through, deposition on isothermal surfaces, and removal
with the steam, respectively. :

The activation terms Y, and Y, can be determined analytically. The activation of the
impurity of interest during its transit together with the coolant through the core is easily
described quantitatively by the expression

Y, = ®c,f,Tact- - - : (7)

Here ¢ is the average density of the flux of activating neutrons along the core, cm~2-
sec™?; 1gct is the average residence time of the impurity in the core, sec; Tact = Tcore,
where Tcore is the single-passage time of the coolant through the core, sec.
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Since M = UcoreTloops
Deore™= M/Tloop’ v ' (8)

where tloop is the single-passage time of the coolant through the circulation loop as a whole,
sec. Both quantities Tcore and Tloop are in general calculated based on the same scheme

where Li is the length of the section of the loop (in meters), in which the coolant moves
with a velocity vi (in m/sec).

Thus, the second term in Eq. (6), describing the generation of radionuclides in the
coolant as the coolant flows through the core, is expressed with the substitution of (8) as
follows:

CM:I-'-)G“]"-‘!TCOI‘G/Tloop' : (9)

The activation term Y,, determining the activation of the impurity in the deposits on the

fuel elements, can be obtained analogously. With a constant quantity of deposits (after dy-
namic equilibrium is established in them), neglecting the radioactive decay in the deposited
layer we obtain

Yzz(fdaszl , (10)

where 1, is the average lifetime of the impurity in the deposits (from the moment the im-
purity enters the layer up to the moment that it returns into the coolant), sec. Applying
the mean-value theorem, from expression (1) we obtain :

1 = 1/Bf (Ke —1)-
Thus, expression (10) for the activation term Y, finally assumes the form
Y, = ®0,f,/ BB (Kc—1). (11)

Correspondingly, the complete expression for the third term in Eq. (6), describing the genera-
tion of radionuclides in the layer deposited on the fuel elements, has the form

CoSs.l1—e PP e D% Do, f,/p (Ke— 1)
_The differential equation (6) has an analytic solution for time-independent WC, Dcore,
Db’ (D’ DS’ Ca: vi. For C = Cosotatr
C*=Cre~+ (Y Do fetar + dPf Ve Scordh + .
+Y,5 BC ) (1 — e 9)/QM -+ 0, ®F . Wi Score”
« (6= 9t — e=*)/G MM 4 BCy 021, D13 St.eX
< [e0r—e PRV /01 [Q — Bp (Ke — 1),

(12)

where Q = {AM + Dp + Ds [w + (1 — w)Kd] + (Score + Sex)Ao}/M. The quantity C% determines
the initial concentration of radionuclides of the impurity of interest in the coolant, i.e.,
after a given concentration is achieved (in this case, C = Cgtat).

As follows from expression (12), the concentration of radionuclides in the coolant in-
creases with time from the initial level C7 to the level

Cotat = (ViDoorelinge +0a®f ol Sord? Y2$:.eBCo)I QM. _ (13)

During the initial period of operation, a relatively rapid growth of C*, determined by
the exponent in the main exponential in Q and the high rate of corrosion and correspondingly
the large yield of corrosion products, occurs. Subsequentlg, the rate of growth of C* will
be determined by the exponent of the other exponentials (e~ BlKe-1)T and e"AT) and will de-
crease as the stationary level is approached. The rate of decrease in the rate of growth of
C* depends on the individual physical properties of the radionuclide, as well as the thermo-
physical and hydrodynamic conditions of boiling. Prolonged processes, occurring during the
prolonged operation of the installation, are primarily affected by the value of Cé?at* In
calculating C*® based on expression (13), all quantities except A, are usually known. The
value of A, for each specific installation can be obtained from expression (4) with the known
(from the operational data) value of C at any given moment in time or from expression (5)
with the known (from the operational data) value of Cgpat for the impurity of interest.
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Fig. 1. Average computed and actual local activity of
deposits of corrosion products on the equipment of the
extrareactor part of the first loop according to °3Fe

(a) [1, 6], ®°Co (b) (6, 7]: —) the computed curve of
the mean activity versus time according to the first
loop; o, x, o, A, ®) curves constructed from the experi- -
mentally measured activity in different sections of the
first loop.

The value found forG stat canbe used to calculate the accumulation of radionuclides of the
impurity of interest on the equipment of the reactor loop of a nuclear power plant. The dif-
ferential equation describing this process has the form

dn*

NA *00 *
_IIT_ = Sex /10 m Cﬂat Ant,

If it is assumed that n* = 0 at 1 = 0, then the expression

n*=3§_ AN, ACont (1=~ M)/
will be the solution of this equation.

Here n* is the amount of the radionuclides of the impurity of interest; N is Avogadro's
number; and u is a mole of the impurity element of interest.

The specific activity of the equipment, averaged over all surfaces, can be represented
by the expression (in Bq)

Apec AN aComar (1= (14)

The results of the calculations of the specific activity are shown in Figs. 1 and 2.
The calculations were perforimed for the first loop of the RBMK-~1000 reactor with the following
values of the determining quantities: the concentration of iron in the feed water was 10 ug/
kg, the enthalpy of the coolant at the inlet into the core was 1184 kJ/kg, the average thermal
power of the heat-generating plant was 0.66 MW, the coefficient of erosion of the deposits
from the fuel elements was 107° m?/kg, and the working time perlod was 1 year.

Figure la compares the computed specific activity of 59Fe on the equipment of the first
loop as a function of time with the experimental data for different sections of the loop;
Fig. 1b shows the same for ®°Co. It follows from the figure that the computed curves give
a qualitatively and quantitatively completely satisfactory description of the experimental
data.

It is evident from Fig. 2a that the specific activity of the equipment in the first loop

is directly proportional to the iron content in the feed water, which is confirmed by data
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Fig. 2. Computed dependence of the specific activity of the
equipment in the first loop of the RBMK-1000 reactor on the
iron concentration in the feed water (a), the enthalpy of the
coolant at the inlet to .the core (b), the average thermal
power of the heat-generating plant (HGP) (c), the blow-through
of the first loop with 1, = 1 yr (d), and the coefficient of
erosion of the deposits from the fuel elements (e).

from other studies. An analogous dependence is also observed for other elements in the cor-
rosion products. This suggests that the specific activity is directly proportional to the
content of the corrosion products in the feed water. Therefore, the transition from RBMK-
1000 to more powerful installations, for example, to RMBK-1500, where the inflow of corrosion
products into the feed water can be greater, requires the development of measures for addi-
tional removal of corrosion products from the feed water (8). This requirement increases
with the power of the reactor installation, since the specific activity increases with the
enthalpy of the coolant at the inlet to the core or the mass steam-content at the outlet from
it (see Fig. 2b). As the average thermal load on the heat-generating plant increases, the
specific activity also increases (see Fig. 2c), which, in its turn, requires that the con-
tent of corrosion products in the feed water be decreased with the transition to more power-
ful installations in order to preserve the rate of growth of activity and its magnitude at
least at the previous level. The blow-through, as expected, is less effective and has a
different effect for different radionuclides. As is evident from Fig. 2d, a fourfold in-
crease in the blow-through for RBMK-1000 decreases the specific activity by only a factor

of 1.5. Thus, it is impossible to compensate the growth in the activity due to other ef-
fects (increasing surface area of the structural materials, mass steam-content at the outlet
from the core, average thermal load on the heat-generating plant) by increasing the flow rate
of the coolant in the blow-through. At the same time, an increase in the coolant flow rate
for the blow-through gives rise to an increase in the thermal losses, the dimensions of the
buildings, the metalcontent of the filters, the consumption of sorbents, and the volume of
liquid wastes buried in repositories. '

Figure 2e shows the dependence of the specific activity on the coefficient of erosion
of the corrosion products from the deposits on the surface of the fuel elements. This com-
ponent makes the main contribution to the total quantity of radionuclides of the corrosion .
products in the coolant and, correspondingly, in the equipment in the first loop. It fol-
lows from Fig. 2e that the specific activity of the equipment is very sensitive to the value
of B. It seems that this dependence conceals definite reserves for lowering the activity of
the equipment. For example, the water—chemical measures, preventing accumulation of deposits
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ON Lue furl TlolCULd UL al leaSL 14allilldlliugg Liaell consLant removai rrom ctnem, wilil gecrease
the residence time of the corrosion products in the neutron field and in the final analysis
will decrease the specific activity of the equipment in' the first loop.
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EFFECT OF THE SOLUTION TEMPERATURE ON THE EXTRACTION COLUMN
HYDRODYNAMICS

S. M. Karpacheva and O. K. Maimur UDC 621.039.327, |

In uranium extraction and refining at the hydrometallurgical stage as well as in radio-
chemical production, extraction is ordinarily performed at the usual, i.e., room, temperature
of ~20°C, while reextraction is usually performed with heating. This is explained by the
fact that the coefficient of uranium distribution between the most widely used extracting
agent, a solution of tributyl phosphate (TBP) in a solvent, and the aqueous phase increases
with temperature. It might prove advisable in certain cases to carry out the extraction pro-
cess at an elevated temperature, especially as the phase separation rate usually also in-
creases, i.e., the volume of the settling zone diminishes. Under these circumstances, a change
in the extractor hydrodynamics with temperature variation can also exert an influence. The
optimum process conditions can evidently be determined by considering all these factors. !

Effect of the Temperature on Contact between Mutually Saturated Solutions. There are
virtually no publications devoted tothe effect of temperature on the hydrodynamic parameters
of column extractors (the correlations (1)-(3) given in [1] for determining these parameters
have been derived for a temperature of 20°C). Therefore, we found it useful for the time
being to investigate this problem in a narrow temperature range (15-30°C). The investigation
was performed by using a pulsation column with KRIMZ packing [2] and a mutually saturated sys-
tem: an aqueous solution containing 0.3-0.4 mole/liter HNO, and 25% TBP in synthine. The "
column has a diameter of 0.2 m, the height of the packing section is equal to 2.0 m, and the
spacing between plates is 0.1 m. The effective cross section of the packing amounts to 217
for 10 x 18 mm openings. The temperature was kept contant in each experlment by suitable
thermostatic control of the solution supplied.

We investigated the physicochemical characteristics of the solutions, the drop size dq
was determined by photographing, and we subsequently counted the drops on the positive {3]. '

Translated from Atomnaya Energiya, Vol. 58, No. 4, pp. 246-249, April, 1985. Original
article submitted April 19, 1984.
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TABLE 1. Physical Characteristics ol the

Solutions
Pe | Par. | 8, e | Pair | o
.o |g/em® |g/em® | gjemt |cp [P |dyn/em
15 | 1,010 0,832 | 0,480 |1,45'[2.8 9,58
20 1,008 0,828 0,180 | 4,044 2,5 10,25
25 1,0065 | 0,824 0,182 {0,951 2,25 10,8
0,85 | 2,0 11,2

30 | 1,005 0,820 0,185 -

} The retention of the disperse phase was measured by using the sampling method, while the
limiting load was determined visually [4].

It is known that, for a column of this type, the hydrodynamicvcalculationsrare performed
on the basis of the parameter dq [1], which facilitates calculation of the other quantities:
the characteristic velocity V,,. the disperse phase retention @, and theflooding load IWf:

dy=(0.135 — 047 F (pic)"'“(%)"’"“ I (1)
Vo=22(42)" " (22)" " da o ‘ (2)
- IWi=0.3Vgn-0.18; ' | (3)
Q=(_Aﬁ__%)o.oss (%;;)o.l.z;_p:/’ » \ )

where pc and pdi are the densities of the continuous and the disperse phases, respectively
(g/cm?®), uc and pdi are the viscosities of the above phases, respectively (P), ¢ is the inter-
phase tension (dyn/cm) (1 dyn-= 10=° N), F is the effective cross section of the packing based
on the sum of slots and the blade slope (%), and d4 is the surface—volume dimension of drops.
Expression (4) holds in the range of free motion of drops for @ = 15Z.

Table 1 provides the physical characteristics of the solutions used in the investiga“:
tions. Substituting the data from Table 1 in Eq. (1), we find that, as the temperature rises
from 15 to 30°C, the drop size should increase somewhat due to a rise in the interphase sur-
face tension, withthe density of the continuous phase remaining virtually unchanged (a change
in the viscosity ratio by a few percentage points does not affect noticeably the drop size).
The characteristic velocity V, (2) should rise not only because of the increase in ddq, but
also largely due to a reduction in yc, which, in turn, would reduce the disperse phase reten-
tion and increase the flooding load of the column extractor.

Drop Size. Figure 1 provides a comparison between the dd values obtained experimentally
for different temperatures and vibration intensities (with a load of 10 m3/(m?+h)) and those
calculated by means of expression (1). There is evidently sufficiently good agreement between
these data. The diagram confirms the tendency for the drop size to increase with heating
from 15 to 30°C. The characteristic velocity was not determined experimentally because of

the complexity of such measurements, and the value of V, was calculated by means of expres-
sion (2). . .

Disperse Phase Retention. As is known, the value of Q first increases with the load
according to a sloping straight line, which is followed, after passage through a certain
critical point, by a sharp increase in the buildup of the disperse phase, which ends with
flooding. Equation (4) describes the initial, straight segment.

Measurements show that Q decreases in all cases with an increase in temperature: (Fig.
2), while the overall tendency of @ to increase with the load and the vibration intensity
persists (Fig. 3). For I = 900 mm/min and loads of up to 25 m3*/(m?+h) (see Fig. 2b), the
temperature dependence of @ 1is rectilinear, and the. experimental results agree with calcula-
tions based on (4). If the intensity or the load increases, the linear relationship between

Q@ and. T is distorted (see Fig. 2a), and a discrepancy between the experimental and. theoreti-
cal values of Q arises. :

A nomogram.of 9 in relation to the intensity and the load IW makes it possible to find
the difference AQ at 15 and. 30°C for equal values of I and IW and determine the operating
condition variants for securing equal values of Q at T = 15 and 30°C. For instance,. for
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Fig. 1. Dependence of dd on temperature, Here, as in Figs. 2 and 3: o, o,
A) experiment; e,.@, &) calculation; 0, o) I = 900 mm/min; o, m) I =.1200
mm/min; A, a4) I = 1500 mm/min.

Fig. 2. Dependence of @ on the temperature. a) I = 1200-1500 mm/min; b)
I =900 mm/min; 1) IW = 10; 2) IW = 15; 3) W = 20; 4) W = 25 m3/(m2+h).
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Fig. 3. Nomogram for determining Q as a function
of I and tW: —) T = 15°C; ---) T = 30°C.

I = 1200 mm/min, @ = 197 is achieved for loads of 12 and 15 m3/(m2+h), respectively, and Q =
207 is obtained for 18 and 27 m3*/(m?+h), i.e., it is possible to increase the load by a factor
of 1.5 for equal values of Q.

. For the region characterized by the parameters I = 900-1300 mm/min, IW = 10-20 m3®/(m2+h)
and T = 15-30°C, we have derived an equation for calculating @ with the ranging of variables
at two different levels [5] within the variation ranges AI = 200 mm/min, AW = 5 m3/(m2+h), and
AT = 8°C, using I, = 1100 mm/min as the scheme center. With an allowance for the interaction .
of all factors, the regression equation is given by

Q= 31— 37.6-10°] —5.36W — 11877 + 6.92.10-8IW + 0.A814WT -t 1.37-10-IT —0.213-10-3[WT (5)

which allows us to calculate Q with an error of less than 107 with all the factors varying
in the investigated region. ’ ' '

The flooding load IW (Fig. 4) increases by 20-25% as the temperature rises from 15 to
30°C, while it coincides with its theoretical value based on Eq. (3) for I = 900 mm/min and
is somewhat different for I = 1200-1500 mm/min, since IW varies more sharply under intensive
conditions. '

. Thus, we have established a direct relationship between the hydrodynamic conditions of
column operation and temperature variation, even in the narrow range of 15-30°C. It was
found that changes in the operating conditions in relation to the temperature can be deter-
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mined approximately by means of Eqs. (1)-(4) on the basis of the physical characteristics

of solutions. An increase in the temperature causes an increase in dd and IW and a reduction
in Q. changes in the process parameters with a temperature rise to a value above 30°C and
for different solution compositions require further investigations.

Efficiency. The temperature effect on the mass transfer efficiency is complex, while
it depends on the values of dd and @ (i.e., the change in the surface area) and also on the
mass transfer rate. We have checked the effect of temperature changes on the hydrodynamics
and the efficiency of column operation in uranium VI.extraction (using a system consisting
of 0.3-0.4 mole/liter HNO, + 30 g/liter uranium VI-25% TBP in synthine) and in reextracting -
uranium VI with a solution of HNO; 0.05 mole/llter from the same TBP solution with 30 g/llter
uranium.

The variations of dd and © in both extraction and reextraction conform to roughly’the
same laws as the variations found earlier in hydrodynamic tests, i.e., dd increases while
§ decreases with a rising temperature for constant values of I and IW (Fig. 5). Thus, in
the temperature range of 14-34°C for I = 1200 mm/min and IW = 20 m3/(m2:-h), retention is re-
duced by almost one half, from 14 to 87 in extraction, and from 14.5 to 77 in reextraction,
which correspondingly alters the surface area of mass transfer. If the mass transfer rate
remains unchanged, the value of HETSP in extraction should increase according to [1] by al-
most 70%, while it actually increases by only 25% (from 0.6 to 0.75 m). This may be caused
by acceleration of the chemical stage of the extraction process due to the temperature rise
(according to data from [7], the activation energy of the extraction reaction is E = 9.5-11
kcal/mole) and also by a possible increase in vibrations and a diminution of the laminar
layer near the drop surface. This observation is very important for determining the opti-
mum set of operating conditions, since the process in this case permits an increase of 50%
(from 20 to 30 m3®/(m2+h)) in the working load even with a small increase in temperature for
virtually unchanged values of Q@ and the extraction efficiency.

In calculating the process, it must be considered that, with temperature variation; the
extraction equilibrium is in many cases shifted so that a larger number of stages is neces-
sary for completing the process, i.e., a greater total height of the column may be necessary
at higher temperatures, even for equal height of equivalent theoretical separation phase
values.
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Ine apove data lnalcate Lnat Lhe eIIect oI Temperature on the characteristics or the
extraction processes in a column must be taken into account in determining the optimum pro-
cess conditions, performing hydrodynamic tests, comparing equipment and packing of various
types, etc. : n
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SOLIDIFICATION OF INTERMEDIATE-LEVEL LIQUID WASTES WITH
THE USE OF INORGANIC BINDERS
. Polyakov, M. I. Zhikharev, K. P. Zakharova, UDC 621.039.7...14

. Khimchenko, T. T. Karpova, G. F. Surzhikov,
. Pankratov, V. P. Shelud'ko, and L. N, Shimarova

< O >
-

In most countries with a developed nuclear power industry, both organic (bitumen, ther-
moplastic polymers) and inorganic binders are used to solidify the liquid wastes from nuclear
power plants. In our country methods are being developed for solidying wastes with the use
of thermoplastic binders and different types of inorganic binders: Portland cement, metal-
lurgical slags, and Portland blast-furnace cement.

Previous work on. cementing [l, 2] concerned primarily the solidification of low-level
wastes. Since for such wastes in our country the method of pouring the cement solution into
trenches with solid wastes has beenadopted, the required fluidity is achieved by a high
water—binder ratio (about 0.7). At the same time, the salt content in the mixture does not
-exceed 4-5 massZ, which substantially increases the volume of the wastes on solidification.
The possibility of increasing the waste content in the final product by selecting the appro-
priate composition of the binder and the conditions for carrying out the process without de-
grading the properties of the product formed is now under study. '

In this paper we present the results of studies using simulators of wastes from nuclear
power plants with RBMK (high-boiling channel reactor) and VVER (water-cooled—water-moderated
power reactor) and AST-500 (Table 1). For the binders we used Portland cement, special
cements, metallurgical slags, and Portland blast-furnace cement (Table 2). The main cri-
terion for comparing samples was the mechanical strength of the solidified wastes. For this,
we prepared two types of samples: standard 4 x 4 x 16 cm blocks and 2-cm cubes. The first
experiments with the Portland blast-furnace cement demonstrated that it can be used for
solidifying radiocactive wastes. For the example of wastes from a nuclear power plant with
RBMK (Table 3), it is evident that with an equal salt content in the solidified product its
strength increased as the slag content of the Portland blast-furnace cement is increased -
from 20 to 80 massZ. At the same time, the water—binder ratio was low (about 0.2).

An increase in the content of RBMK wastes in the final product from 12.5 to 25-26 massZ
appreciably lowers the strength, but even with a high waste content the strength of the
solidfied product for all ratios of the components in the binder exceeds 100 kgf/cm?. Experi-
ments with wastes from nuclear power plants with VVER and AST-500 showed that the strength of

Translated from Atomnaya Energiya, Vol. 58, No. 4, pp. 249-252, April, 1985. Original
article submitted July 11, 1984. .
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ABLE L. GChemical Composition OI wastes
from a Nuclear Power Plant and AST- 500

Chemical compo- '
sition of wastes, | RBMK VVER | AST-500
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TABLE 2. Chemical Composition of Inorganic Binders, massZ

Binder Si0z | Al20y | FexOy | FeO | MnOs | CaO | MgO SOy s Ti0z | Naz0 + K20 | Ba0d
Clinker-1 24,7 59 [ 4,1 — — 163,8] 1,5 0,1 - — 0,4 -
Clinker-2 22,1 4.7 4,2 — — 67,0 1,2 0,1 — — 0,2 —
Slag-1 36,21 12,6 — 0,4 ] 0,9 {39,0].8,4 — 0,5 — 1,0 -
Slag-2 35,6 | 10,8 — 0,3 { 0,1 }42,0| 7,5 — 1,8 — 0,9
Slag—3 38,5 9,1 — 0,2 ] 1,3 145,6! 3,5 — 1,1 | 0,2 1,0 -
Slag-4 39,1 88| 0,7 (o0, | 0,4 |37,8]11,3 — 0,5 | 1,0 1,0 —
Barium-containing 22,5 5,2 4,5 0,4 — 52,2 1,5 1,5 —_ = 0,4 9,9

Portland cement
Bariated alumina cement 2,21 35,9 0,3 -— — 1,31 — 0,2 — — — 60,2
Expanding Portland 18,6 | 17,3 | 6,2 — — | 45,4 — 4,8 — — |Not anal-
cement - yzed —
High-alumina cement 0,6 75,0 0,2 — — 241 — | Traces - — —
Talyum 0,7 74,8} 0,3 e - | 23,8) - — — — —

the solidified products even based on the Portland blast-furnace cement with a high slag
content — 80 mass¥% of slag-l and 20 massZ of clinker — is lower than the strength of the
analogous product with RBMK wastes (Table 4). TFor these wastes the strength drops apprecia-
bly even with an insignificant increase in the degree of filling (from 11.4 to 15.0 massZ).
The chemical composition of the wastes from nuclear power plants with VVER and AST-500 dif-
fers from that of the wastes from power plants with RBMK by a higher content of sulfinole

and the presence of sodium carbonate, and the wastes from power plants with VVER also contain
sodium tetraborate.

For the VVER wastes, the products with the best mechanical strength were obtained with
Portland blast-furnace cement containing 70 massZ of slag-4 and 30 massZ of clinker-2 (Table
5). In this case, their strength remains unchanged when the degree of filling is increased
up to 7.1 mass%. In the interval 10.3-18.7 mass% the strength decreases, but it is still
high. It increases with time and after 28 days reaches ~260 kgf/cm? (with a content of dry
remainder up to 7.1 massZ% and 170-200 kgf/cm? with 10 massZ).

In order to study in greater detail the effect of the composition of the matrix material
on the strength of the product formed on solidification, we performed experiments with dif-
ferent binders, including special cements (Table 6). For the filler we used a model composi-
tion of AST-500 wastes (for comparison, the strength of concretes obtained with the use of
the corresponding binders is also shown in the same table). The results showed that the
Portland blast-furnace cement is least sensitive to the presence of salts. Satisfactory
results were also obtained with the barium-containing Portland cement.

We studied the effect of separate components of the wastes on the strength of the pro-
duct formed for three types of binders: Portland cement, slag-1, and Portland blast-furnace
cement (80 mass? slag-1 and 20 massZ clinker-1). The permissible amount of components whose
presence is discernible was determined: surfactants (sulfinole, OP-10, household soap), oil,
and sodium hydroxide. It was established that with a water—binder ratio of about 0.3 the
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TABLE 3. Dependence of the Strength of Solid-

ified Wastes from a Nuclear Power Plant with .
RBMK on the Clinker and Slag Ratio in the Binder

Composition of binder

mass fraction Cy ..
clinker [slag |8YP~ 28 days, kgf/
sum cm
80 20 5 12,4 0,21 230
50 50 5 12,5 0,20 312
20 80 5 12,5 0,20 408
80 20 | 5 26,4 | 05 198
5 ° | 50 | 5 259 | 049 216
20 80 b 20,2 0,19 228

Here and in the tables below, Cd.w is the con-
tent of dry remainder of the wastes in the
solidified product, W/B is the water—binder
ratio, and Ocomp is the compression strength.

TABLE 4. Strength of Solidified Wastes from
Nuclear Power Plants with VVER and AST-500

Solutions with salt Cq e

content of 300 g dow S/B‘ Ocomp after 5:.
liter mass | /7 |days, kgl/ cm?

Power plants with 11,4 0,4 84

VVER 13,3 0,5 58

15,0 0,0 30

AST-500 11,4 0,4 84

, 13.3 0.5 58

15,0 0,6 38

*S/B — solvent—binder ratio.

TABLE 5. Mechanical Strength of Samples Based
on Slag-4 and Clinker-2

Composition of mix-
[ure,pmass fraction . , kgf/ cm?
Ca.w | “comp :
dry re- o LA N EVE Y
binde g mass‘o : ) d
ol water days |days jdays
wastes
100 5 30 3,7 0,7 106 175 267
100 10 30 7,1 0,5 1 107 182 | 262
100 15 30 10,3 0,3 | 1M 152 | 175
100 20 30 13,3 0,3 7 117 200
100 25 30 16,2 0,3 93 | 130 | 168
100 30 30 18,7 0,3 66 120 179

strength is not appreciably lowered if the content of sulfinole in the final product does
not exceed 10 mass%; the compression strength of such materials reaches 200 kgf/cm?. House-
hold soaps in amounts of 8-10 mass % substantially reduce the strength (up to 50 kgf/cm?).
The limiting content of OP-10 in the solid product, above which the strength decreases, is
equal to 5 massZ. O0il has the same negative effect on the strength of the solid products.

Since wastes from nuclear power plants and AST are usually caustic, it is of interest
to study the effect of sodium hydroxide on the strength of the product. The results (Table
7) showed that increasing its content above 7 mass’ lowers the mechanical strength if Port-
land cement is the binder, while for metallurgical slag and the Portland blast-furnace cement
the strength increases as the sodium hydroxide content increases in the interval of concentra-
tions studied (up to 10 mass%). The positive effect of NaOH with the use of the Portland
blast-furnace cement as the binder was demonstrated in a series of experiments, in which we
added sodium hydroxide to the wastes from nuclear power plants with VVER (Table 8). The NaCH
content in all cases was equal to about 14 mass? of the amount of dry wastes remaining.  The
positive effect of NaOH is manifested all the more strongly the higher the content of the dry
waste remainder in the solidified product.
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BLE O, frecnanical oLrengun UL FLULULLS Dadtu
on Different Binders and AST-500 Wastes
o Fa]os i
. ) RN . [sample af- con-
Form of binder massTo w/B ter 2% days, cretes )
kaf/cm? kg f/cm
Portland cement-400] 9,7 | 0,40 5{) 400
Barium-containing 21,2 1 0,30 123 474
Portland cement ) )
Bariated alumina ce-| 20,6 | 0,35 28 612
ment _
Expanding Portland 20,6 | 0,35 77 367
cement )
High-alumina ce- 20,01 0,40 167 17
ment (cracks)
Talyum 20,6 | 0,35 281 783
{cracks)
Portlanid blast-furnace 21,2 | 0,30 197 515
cement (80 masso
slag=1 and 20
mass% clinker-1)

TABLE 7. ~Effect of the Content of Sodium Hy-
droxide on the Strength of the Solidified Pro-
duct
. | NaOH content | g .qmps
i : i i P
Form of binder W/B gatst;%omlxture, kgf/cm2
Slag-1 0,33 1 200
0,31 5,1 300
0,35 101 4925
Portland blast-furnace 0,33 7 345
cement 0,33 10 362
Portland cement-400 0,33 5 420
: 0,33 7 405
0,33 10 235

TABLE 8. Effect of the Amount of Alkali in the
Wastes on the Strength of the Solidified Pro-
duct Based on Portland Blast-Furnace Cement (80
mass? slag-1 and 20 mass?% clinker-1)

Mixture comp., mass fraction |-~ 0 comp 21ter
bin- [dry r%— d.w.1w/B 28 dayz, !
'mainder 3
der maind NaOH | Ha0 |mass kgf/ cm?
‘wastes
) 100 1 15,00 — 30 10,34 0,3 48
100 13,13 1,87 30 110,341 0,3 127
100 | 20,00 — 30 113,33 0,3 |Sample is
: destroyed
100 17,50 2,50 30 (13,331 0,3 145
100 27,75 — 30 117,594 0,3 |Sample is
destroyed
100 24,28 3,47 30 117,591 0,3 165

The studies performed showed that by selecting the appropriate binder and conditions
for carrying out the process, products with a high salt content and mechanical strength ex-
ceeding 100 kgf/cm? can be obtained. In all cases, the mixtures were characterized by a low
water—binder ratio. For a water—binder ratio of 0.3-0.4 products containing up to 20 massZ
of the dry waste remainder can be obtained. The strength of the products after solidifica-
tion fluctuates in the interval 1.8-2 g/cm®. This permits obtaining a solid product 1 m3® of
which will contain up to 400 kgof dry remainder of radiocactive wastes.

Simultaneously with the laboratory studies, we performed engineering studies, which con-
firmed the possibility of obtaining homogeneous mixtures with the indicated values of the
water—binder ratio. For this, we built a test setup, on which we carried out the mixing
directly in 20-liter drum, which was stored. We placedthe drum on a movable frame with a
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.......... I MSLMAML MOLT LSYULLICU LU LUNIPICLELY CHAUBE LIE dlgle vf inclina-
tion. The drum was rotated around its axis by two pairs of rollers (guide and support). The
rate of rotation of the guide rollers varied from 0 to 176 rpm.

We tested the technological mixing regime for Portland cement-400 and a solution contain-
ing 300 g/liter of sodium nitrate; the solvent—binder ratio varied from 0.4 to 0.33. It turned
out that one of the basic factors affecting the quality of the mixing of the components in

-the drum is the simultaneity of injection of solvent and binder when the drum is being filled.
Good mixing is achieved with a rotational rate of 90 rpm. With a solvent—binder ratio of 0.4
the degree of filling of the drum can. reach 85 vol.%, and with a ratio of 0.33-0.35 it is
undesirable to fill the drum to a level exceeding 80 vol.Z.
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T-3M TOKAMAK MATERIALS TESTING STAND

A. A. Abagyan, A. A. Alferov, V. F. Babal'yants, UDC 621.039.646
D. G. Baratov, V. N. Dem'yanenko, S. B. Leonov,

S. P. Maksimov, S. V. Mirnov, V. N. Mikhailov,

V. V. Myalton, V. S. Semenov, M. M. Fiks,

and V. P. Fokin

~The progress made in fusion research on the basis of a tokamak has made it possible to
build the first experimental fusion reactors. An example is the international tokamak-reac- -
tor INTOR, the first design phase of which was recently completed [1]. Tokamaks of the
new generation, TFTR in the U.S.A. (1982) and JET in Great Britain (1983), which have come
into service, are to be used to demonstrate an energy release from the plasma that would ex-
ceed the energy input for heating the plasma.

At this stage the research is shifting increasingly to the area of engineering problems,
viz., materials testing and fusion technology. In particular, it is necessary to study the
behavior of materials for the first wall, diaphragms, and diverter plates of a reactor during
prolonged interaction with deuterium—hydrogen peripheral plasma with a temperature of 10-100
eV. The importance of such research is confirmed by the reverse influence of processes in
the plasma-wall region on the general characteristics of the plasma [2].

The pertinent conditions of the interaction can be simulated partially in medium-scale
tokamaks now in operation because the heat transfer along the magnetic field to the wall or
diaphram (this is precisely how plasma—wall contact occurs in tokamaks) is a strong func-
tion of the electron temperature Tg. Accordingly, T, near the boundary varies little (10-
100 eV) when the energy release at the wall varies over a wide range. At the same time, the
energy of ions that are accelerated in the region of the Langmuir potential drop and bom-
bard the wall should vary over not vVery wide limits. The maximum value of their energy
should not exceed 3Te. This circumstance is exploited to simulate the plasma—wall inter-

action under reactor conditions in existing tokamaks.

Studies of the plasma-wall interaction as well as attendant problems (the properties of
peripheral plasma, the erosion resistance of first-wall materials and protection of the first
wall, cleansing of the first wall and the mechanisms of the entry of impurities, etc.) re-
quire a certain specialization of tokamaks and provision of appropriate diagnostics for them.
The JSX tokamak [3], which went into service in 1971 in. the United States, is one such
specialized tokamak-testing stand. TEXTOR [4], a large-scale stand, has been functioning
in the German Federal Republic since 1982. The design of these tokamaks permits rapid re-

Translated from Atomnaya Energiya, Vol. 58, No. 4; pp. 252-256, April, 1985. Original
article submitted July 16, 1984,
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Fig. 1. Schematic of power supply of magnet systems:
L1-L5 are the inductances of the LFW (L1), IFVW (L2),
WC and CF (L4), FECW (L3), and the ballast inductance
(L5); Cl-C4 are capacitor banks; Tl and T2 are thyris-
tor switches; Il is an ignition spark gap; D1-D3 are
diodes; R1-R5 are resistors; Al-A3are contactor-break-
ers; Trl is a power transformer; Tr2 is a matching
transformer; CR is a 5-kV charging rectifier.
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TABLE 1. Parameters of Plasma of Second Stage
of the T-3M Stand in Ohmic Heating Regime

B, II’.' ,T,’H Cm-3 Ths Tt T, 40}, T .
T kA mseC |msec eV eV

180 3,148 16 25 G400 50
270 4,7-101% 24 AR 85 gl
360 6,4 4013 32 GO 1659 90

EXE

placement of elements of the first wall that are to be tested. The reconstruction of the

T-3 tokamak conformed to the same requirements [5]. The first phase of the resulting T3-M
(materials-testing) engineering stand-tokamak of the USSR Ministry of Energy has been in oper-
ation at Shatur since the end of 1980 [6]. . -

The T-3M stand, built on the basis of the T-3A winding designed at the D. V. Efremov
Scientific-Research Institute of Electrophysical Apparatus [7], was simplified to the utmost
in order to speed up its dismantling and assembly: the double vacuum was dispensed with, a
high-vacuum bakable joint was used to allow the chamber to be taken apart for replacement
of the inner liner, and an air-core inductor nd control turns permitting rapid dismantling
were used.

The stand was started up in stages. The longitudinal magnetic field winding (LFW) of
the T-3M stand consists of 16 copper coils, connected in pairs into eight units. The maximum
magnetic field on the axis of a unit is BT = 4 T (1 T in the first stage), the major axis of
the toroidal winding is 0.97 m, and the radius of the aperture in the unit is 0.33 m. The
corrugation of the magnetic field on the axis and radius of the diaphragm (0.16 m) is 0.5
and 47, respectively. ’

The plasma is excited inductively by an air-core inductor of a vortex electric field,
consisting of a central solenoid (45 turns) and a system of poloidal turns of the windings
of the compensation and control magnetic fields (WC and CF). The turns of the WC and CF are
placed on the outside of the LFW units symmetrically about the equatorial plane of the torus
and perform two functions: compensation of the scattering fields B; of the solenoid in the
plasma to a level B /By ~ 1-107% and generation of a vertical controlling field (~1+1072% T).

The equilibrium of the plasma column is maintained by a stabilizing copper sheath (radius
0.25 m, thickness 0.03 m, time constant 200 msec), which has transverse and longitudinal cuts.
In addition, vertical magnetic fields, generated by. the WC and CF as well as by a fast equi-
librium-controlling winding (FECW), are used. The discrete structure of the FECW along the
torus makes it possible to produce dipole or quadrupole configurations of magnetic fields
of up to 1+10°2 T in the region of the plasma column.
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Fig. 2. Oscillograms of the plasma current Ip, the bypass

voltage Up, the intensity Iy, of the HB line, and the plasma
density ne in the stable discharge regime for By = 0.96 T.

Fig. 3. Characteristic oscillograms in a regime with tearing
instability: Ip is the plasma current, AIp is the product of

the displacement of the plasma column and the plasma current,
ne is the plasma density, Ipypy is the intensity of the CIII

line, Up is the bypass voltage, and Bt = 0.96 T.

The schematic of the power supply of the magnet systems of the T-3M stand is shown in
Fig. 1 and the parameters of the system are given below:

Longitudinal magnetic-field winding:

current, kA. . B

energy capacity of capac1tor bank Cl MJ T

current half-period, sec . . . . . . . . . . . 1.1

induction at the axis, T . . . . . e . . oo 1.0
Windings of inductive vortex field (IVFW), WC and CF

energy capacity of capacitor bank C2, MJ . . . . . . . . 0.8

current in windings, kKA. . . . . . . . . . . . . . .. 013

L5 ballast inductance, mH. . . . . . . . . . . . . . . . 8.1

current half-period, msec. . . . + « « « ¢« + « + 4+ . . .80

inductance of IFVW, mH . . . . . . . . . . . . . . . . . 1.0

maximum flux, Vesec. . . . e . . . 0.32

energy capacity of capa01tor bank 03 for organiza-

tion of initial gas breakdown, MJ . . . . . . . . . . 0.15

discharging resistance R3, @ . . . . . . . . . . . . . . 0.5
Fast equilibrium-control windings:

energy capacity of capacitor bank C4, MJ . . . . . . . . 0.16

current, kA. . . . . B B

current half-period, msec. . . . . e v .. .18

A T-4 chamber [8], into which two bakable flange JOlntS were introduced, formed the
basis of the discharge chamber (major and minor radii 0.97 and 0.2 m, respectlvely). These
joints and the sliding platform of the tokamak permit the discharge chamber to be divided
into two half-toruses for expeditious access to the inner part of the torus.

The pumping system ensures that hydrogen can be pumped out of the chamber at an effective
rate of 200 liters/sec and that an ultimate vacuum of 1.3:10"° Pa is attained. The prepara-
tion of the chamber for experiments includes heating and decontamination of the walls by a
glow discharge. In the experiments a glow discharge was ignited at a pressure of 10 Pa and
a voltage of 5 kV and was maintained with a current of 2.5 A and a voltage of 0.4 kV at a
pressure of 0.66 Pa and a temperature of 250°C in the chamber. As a result of aging, the
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chamber wall became saturated with hydrogen, and to eiiminate the nyarogen tne cnamoer was
subjected to additional heating at a pressure of (2.6-6.6)+10"% Pa. Such decontamination
made it possible to reduce the amount of light impurities entering the discharge in the
tokamak and reduce the rate of this process, to increase the plasma conductivity almost two-
fold, and to increase the fraction of stable discharges.

Oscillograms characterizing the. stable operating regime of the first stage of the T-3M
stand are given in Fig. 2. The principal plasma-physical parameters of this regime are:

Major radius of torus, m . . . . . « « .« « . . . 0.97
Radius of circular stationary diaphragm of

carbon-reinforced pyroceramic, m. . . . . . . 0.16
Number of diaphragms . . . . . . . . . . . . . .3
Toroidal magnetic field at axis, T . . . . . . . 1
Plasma current, kA . . . . . . . « . .+ . . .40
Reserve of stability at the radius of the

diaphragm . . . « « « « « v « 4 v 0 0 o o o. . 2.6
Bypass voltage, V. . ..... e e e e '1.8-3
Density of hydrogen plasma at axis, cm™® . . (0.5-1.5)+10%?
Electron temperature at axis, eV . . . . . . . 250
Mean effective plasma charge . . . . . . . . . . 1.6-2
Duration of discharge, msec. . . . . . . . . . .30-50
Plasma energy lifetime, msec . . . . . . . . . . 2-3
Particle lifetime, msec. + . « « « « « « « « . .20-10
Resistance heating power, kW . . . . . . . . . 100
Mean power of thermal flux through a uni

surface area of the plasma column, W/cm?. . . 1.5-2

A regime with tearing instability, accompanied by bursts of emittance of the line of
carbon — the material of the diaphragm (Fig. 3) — is typical in the case of a poorly aged cham-
ber wall, a nonoptimal current rise time, or nonoptimal plasma density.

The comparatively low energy intensity of the discharges of the first stage of the T-3M
stand hinder experiments to study wall erosion and, therefore, the materials-testing experi-
ments were devoted to an investigation of the behavior of the disphragms and the mechanism
of their erosion in regimes with tearing instability [9, 10].

The experimental complex of the T-3M stand incorporates the following component parts.

A stand for high-power thermal action on materials of diaphragms to study the nature of
thermal erosion in a vacuum. A GOS-1001 neodymium-glass laser is used as the source of ther-
mal radiation. The radiation. parameters: wavelength 1.06 um, pulse duration 1l msec, energy
flux 102-10* MW/m?, and beam diameter on specimen 4:107% m.

A stand of model experiments (ME), intended for testing of elements of diaphragms of
different types, as well as for the development of methods and apparatus for plasma diagnos-
tics in the wall zone of the tokamak. The stand (working volume 1 m3, vacuum 6.6-107" Pa,
and air-pumping rate 4-10% liters/sec) is complemented with a UZDP plasma accelerator [11],
making it possible to obtain inert-gas plasma flows with an energy of 0.3-1 keV with a beam
current of up to 3 A.

Devices for the study of plasma in the wall zone on the basis of: a method of measuring
proton fluxes on a carbon probe in the wall zone, with recording of the desorbed hydrogen
by an ROMS-4 radio-frequency mass spectrometer; a method of analysis of the surface of the
collecting probes (station for the diagnostics of the surface with the aid of an 0910S-2
Auger-electron spectrometer and secondary-ion mass-spectrometry); a method of laser ablation
and desorption to study the composition and state of the chamber surface.

An IVK-2 information-computational complex based on an SM-4 computer for automation of
the experiment, processing of experimental data, and executionof calculations.

The improvement to the T-3M stand-tokamak postulates the creation of conditions for
full-scale materials testing of elements of the first wall in regimes close to those in a
reactor with regard to the plasma parameters and the mean power of the energy intensity at
the wall. The following systems are being developed and built for this purpose:

an SINinjector of fast atoms of hydrogen isotopes (energy up to 80 keV, total power of
two beams 2 MW, and duration of injection 0.1 sec);
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View A

5300
3500

Fig. 4. General view of the T-3M stand-tokamak (second stage): 1) discharge chamber;
2) first wall; 3) unit of longitudinal field winding; 4) stabilizing jacket; 5) sole-
noid of vortex-field inductor; 6) diagnostic stems; 7) WC and CF; 8) magnetic dis-
charge pump; 9) evacuation system; 10) support; 11) compensating coil; 12) injection
section; 13) high<current injector of fast atoms; 14) atom guide; 15) evacuation
stems; 16) adjustable supports; 17) support of compensating coil; 18) sliding plat-

s form; a = 80° is the angle between the injectors.

discharge chamber (R = 1.06 m, @ = 0,29 m) with subsystems (a removable insert carrying
the facing of the first wall, an injection section, a thin stabilizing jacket, etc.);

an electric supply system with a total power of 63 MVA, ensuring the formation of pulses
of the longitudinal magnetic field (2 sec, field at axis of chamber 4 T), plasma current (up
to 400 kA), vortex electric field (change in the flux in the air-core inductor 2 V-sec), and
compensating and controlling magnetic fields.

Figure 4 gives a schematic view of the T-3M stand-tokamak in the second stage. The dis-
charge chamber of 12Kh18N10T stainless steel, assembled with the aid of three joints of diam-
eter 0.6 m of two half-toruses and an injection section, has a major radius of 1.06
m and a minor radius of 0.29 m; the wall thickness is 0.8 mm. A changeable insert
of 55 circular sections, carrying the specimens to be tested and forming the toroidal surface
of the first wall, can be introduced into the chamber. The minor radius of the chamber to
the first wall is 0.28 m. The chamber is pumped down by a vacuum system that ensures a max-
imum vacuum of 1.3:107° Pa and an effective pumping rate of 1000 liters/sec.

A 12-mm thick water-cooled stabilizing jacket made of ADO-6 alloy is placed between the
layer of thermal insulation of the chamber and the windings of the longitudinal field. The
thin jacket, with a time constant of 30 msec, permits an easing of the requirements concern-
ing the speed of the feedbacks in the control of the equilibrium of the plasma column.

The air-core inductor of a vortex electric field, designed to produce a flux of 2 V:sec
and a plasma current of 400 kA, consists of a central solenoid and three pairs of poloidal
compansating turns. The solenoid coils are fastened together by means of massive glass-tex-
tolite disks which are supports for the longitudinal field units. The maximum current in
the inductor is 30 kA and a capacitor bank with an energy capacity of 3.0 MJ is the power
supply.

The injectors introduce fast atoms into the plasma through an atom guide and an injec-
tion section with two windows of horizontal and vertical dimensions 13 and 30 cm, respec-
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Fig. 5. Dependences of the electron
and ion temperatures at the center of
column of hydrogen plasma on the energy
E,.of "the injected hydrogen (Tgy, Tig)
or ~deuterium (Tgp, Tip) atoms.

tively. ‘The local attenuation of the longitudinal field as a result of the arrangement of
the injection ssections .is compensated by coils of radius 0.5 m to a level close to the value
of ‘the corrugation of the longitudinal field (0.77 at the axis and 8.5% at the outer circum-
ference of ‘the rchamber).

‘High-current ‘injectors developed at the I. V. Kurchatov Institute of Atomic Energy [12]
will be used to produce beams of fast atoms. The intensity of the beams of atoms at an energy
‘of 40 keV is 25 eq.. A, which ensures that a power of 2 MW is delivered into the plasma with
an injection time of 0.1 sec. Injectors with an energy of 80-100 keV are to be used in the
future. In view of this a 100-kV GIN-100 pulsed-voltage generator with a 4-MJ capacitive
storage element is being built to be the high-voltage power supply for the ion-optical sys-
“tem.

The -expected plasma parameters in the second stage of T-3M for ohmic and injection heat-
ing were calculated with the following assumptions: the maximum plasma current was obtained
for a stability reserve of 3; the ion temperature Ti(0) on the axis is determined by the
Artsimovich formula; the values of the plasma density ne, plasma energy lifetime tg, ion
energy liftetime .Tgi, and the electron temperature Te(0) were obtained from TFR scalings

' {13]; the effective plasma charge is assumed to be 2. The results for different longitud-
| inal field strengths BT are given in Table 1.

The data in the table were taken as the initial data for the calculation of the plasma
parameters. under ‘the conditions of injection heating. The calculations indicated that trans-
verse injection on the T-3M stand can be effective only at a high plasma density (ne > 5-10%3
cm™?) and a low injection energy (E, < 40 keV). These limitations can be overcome by a switch
to longitudinal injection. Figure 5 gives the calculated dependences of the electron and
ion temperatures on the energy E, of the beams during longitudinal injection of two beams
with a total power of 2 MW. 1In this case the optimal injection is attained for an integrated
capture coefficient of 0.99-0.93 for fast atoms in the energy range 20-80 keV, magnetic field
strength 4-3 T, and plasma density 6-10'% cm™3. This version is being considered as the main
version for realization on the T-3M stand-tokamak.
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SINGLE-CRYSTAL LITHIUM FLUORIDE DETECTORS

A. I. Nepomnyashchikh, S. N. Mironenko, UDC 539.1.074.535.377
G. P. Afonin, and A. I. Selyavko

Lithium fluoride has now been used for more than 30 years as detectors for thermolumin-
escence dosimetry. At the present time 70% of the detectors employed in this area [1] are
made on the basis of lithium fluoride. About 30 methods and compositions are known for the
fabrication of LiF-based phosphors. In most cases lithium fluoride is used in the form of
pressed and polycrystalline tablets as well as in the form of items made of Teflon with LiF
powder dispersed in it. All of these detectors have one inherent drawback: a considerable
background signal which is determined by the large surface in contact with the surrounding
atmosphere.

In single-crystal detectors this disadvantage is eliminated because of the small surface
of interaction with the atmosphere, transparency over a wide region of the spectrum, and as
a consequence of these properties a small value of the background signal, as well as an in-
crease in the sensitivity of the detector. The application of such detectors, however, has

been limited by the difficulty of obtaining large lithium fluoride single crystals that would

have a uniform sensitivity (2, 3].

The A. P. Vinogradov Institute of Geochemistry, Siberian Branch of the Academy of Scien-
ces of the USSR, has developed single-crystal detectors (DIG-4) on the basis of LiF:Mg, Ti

and methods of growing single crystals of the desired configuration that would have a uniform -

sensitivity and a sensitivity spread of no more than #157. The diameter of these detectors
is 5 mm and their thickness is 1 mm. Moreover, detectors of diameters 3, 8, and 10 mm can
also be produced. We shall consider their principal characteristics.

Lower Limit of Detectable Dose. One of the principal characteristics of a thermolumin-
escent detector, determining its range of application, is the lower limit of detectable dose,
which in turn is determined by the combination of the yield of thermally stimulated lumin-
escence (TSL), the background signal of the detector, and the degree of correspondence be-
tween the radiation spectrum of the detector and the region of maximum sensitivity of the
photodetector.

The TSL yield of different detectors of LiF:Mg, Ti is in the range 10°-10'® quanta-g™'-
cGy~!, while the optimum apparently is (0.5-1)-10'9 quanta-g~!.cGy~!. The TSL yield is
practically independent of the magnesium concentration within the limits 0.03-0.57. An in-
crease in the titanium oxide concentration leads to a considerable growth of the low-tempera-
ture peaks (Fig. 1). In LiF:Mg crystals luminescence is caused by impurity "titanium" cen-
ters formed because of traces of titanium in the raw materials.

When the TSL yield is of the order of 10° quanta:g~!+cGy~ ! measuring instruments based
on present-day electronics, especially when the photon-counting method is used, permit doses
at a level of 1072 cGy or lower to be detected with a sufficient degree of accuracy and the
radiation spectrum of detectors based on LiF:Mg, Ti corresponds to the region of maximum
sensitivity of photodetectors. Thus, the lower limit of the detectable dose will be limited
by the level of the intrinsic background signal of the detector. For single-crystal detec-
tors the level of the intrinsic background signal is below 1073 cGy and, therefore, such
detectors are capable of detecting doses of 1072 cGy or less with a sufficient degree of
accuracy (Fig. 2).

Translated from Atomnaya Energiya, Vol. 58, No. 4, pp. 257-259, April, 1985. Original
article submitted June 1, 1984; revision submitted September 11, 1984.
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Fig. 1. Thermoluminescence curves of Li:Mg (---) and
LiF:Mg, Ti (—) crystals.

Fig. 2. Thermoluminescence curve of DTG-4 detectors
for a radiation dose of 107° Gy; the dashed line repre-
sents the background of the heater with the detector.
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Fig. 3. Agreement of indications of detectors. during
repeated use at a radiation dose of 10 cGy per cycle:
¢) experimental points; —) zero line; ---) confidence
interval..

Repeated Use of Detectors. One of the main service characteristics of a detector is
the number of times it can be used. Special regimes of additional heat treatment are neces-

sary for practically all known lithium fluoride detectors when they are used repeatedly [4,
5]. '

The chdnge in the intensity of the TSL peak at 200°C is determined by the diffusion pro-.
cesses of the aggregation of Mg2+VE dipoles [6], which is the main initial component
for the formation of Mg+V:VE centers [7] that are responsible for the TSL peak at
200°C. The rate of diffusion aggregation of Mg?* Ve dipoles depends on the magnesium concen-
tration. When the latter decreases, the aggregation rate decreases accordingly and at cer-
tain values of the concentration the detector sensitivity will not change during storage,
and this is indeed observed in the case of DIG-4 single-crystal detectors.

Additional heat treatment is not required for the repeated use of DTF-4 detectors at
radiation doses of less than 300 cGy (Fig. 3). The agreement between the results of measure-
ments of the radiation dose on TELDE and Victoreen instruments does not exceed 3%. The detec-
tors can be used no less than 500 times without additional heat treatment,

Unlike the case in [8], we did not detect a change in the thermoluminescence curves of
unirradiated detectors after prolonged storage. Thus, the storage of LiF:Mg crystals for
10 yr and LiF:Mg, Ti crystals for several years (Fig. 4, curves b, ¢, d) does not lead to a
change in the thermoluminescence curves. A distinctive feature of detectors that have been
stored for a sufficiently long time is the absence of peak 2.
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Fig. 4. Thermoluminescence curves of DTG-4 detectors:
a) data for LiF:Mg from [5]; b, ¢, d) after storage of
unirradiated LiF:Mg detectors for 11 yr (b), 8 yr (c),
and 3 yr (d); 1) "fresh'" detectors; 2) next lumin-
escence.
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Fig. 5. Depehdence of the indications of DTG-4
detectors on the dose of x radiation: e) experi-
mental points; ——) zero line; ---) confidence

interval.

Dependence of the TSL Yield on the Radiation Dose. Most papers indicate that the depen-
dence of the light sum on the dose is not a linear function in the range of small doses (at
the levels of the background signal) and large doses of radiation [9]. The region of a super-
linear dependence as a rule begins at radiation doses above 300 cGy. The region of the linear
dependence of the dose characteristic for large doses of radiation can be expanded substan-
tially by sensitization of the phosphor. The TSL yield is increased at the same time. De-
spite this, however, sensitization does not permit the limits of measurements to be extended
to the region of small radiation doses since the background luminescence increases strongly.
Since in a sensitized phosphor the dose characteristic is linear for high radiation doses,
it is used preferentially in clinical dosimetry in the range 10-10* cGy [10].

The dependence of the TSL yield of DTIG-4 single-crystal detectors on the radiation dose
is given in Fig. 5. After irradiation with a dose of more than 300 cGy the detector was
heated to 370°C and held there for 15-16 sec. As follows from Fig. 5 the dose characteristic
is linear in the range 1073-3-103 cGy and the characteristics of the detector do not change
after exposure to large radiation doses (up to 5:10* cGy), and as a result small doses can
be measured without altering the sensitivity of the detector (Fig. 6).

Loss of Accumulated Light Sum during Storage of Detectors. The preservation of the light
sum (dosimetric information) accumulated by a detector is determined by the characteristics

of the trapping centers (activation energy E and frequency factor P,) as well as by the ambi-
ent temperature. ’
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Fig. 6. Stability of indications of
detectors after irradiation with doses
of 1.8-10"* Gy (1), 6.0 Gy (2), 1.8
107! Gy (3), 30 Gy (4), 1.8-10"! Gy
(5), 1.8:107! Gy (6) after irradiation
with a dose of 5:10% Gy,
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Fig. 7. Dependence of the loss of
dosimetric information on the dura-
tion of detector storage at 120 (1),
35 (2), 40 (3), and 50°C (4); —)
calculation; o) experiment.

The number n of filled traps at the temperature T by the time t (for a first- order
kinetics) can be described by the formula

n==nyexp[—Pyexp(— E/kT)],
where n, is the number of filled traps at the initial time.

In order to ensure preservation of the accumulated light sum for a long time it is neces-
sary that the trapping centers responsible for the main dosimetric TSL peak havea sufficient-
ly high activation energy. Moreover, small centers should not be present or their con-
centration should be considerably below the concentration of the main traps, i.e., on the
thermoluminescence curve the light sum accumulated in the low-temperature peaks as a per-

centage of the light sum of the main peak should be smaller than the allowable loss of dosim-
etric information.

Figure 7 presents the calculated dependence and experimental values of the loss of the
accumulated light sum of a DTG-4 detector on the storage time at different temperatures,
For the calculation we took the values E = 1.25 eV and P, = 5-:10! sec™’. As follows from
Fig. 7, the loss of dosimetric information when detectors are stored for one year at +20 or
+35°C does not exceed 5%. To obtain reliable results at +50°C the storage time of the de-
tectors must be limited to 3 months. Below we give the principal dosimetric characteristics
of single-crystal detectors based on LiF:Mg, Ti:
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opeclIriicC sensitlvility Ol deteclLor Lo I'd.(lldLlOH,

quantum/cGY:g . . . . .. .. . .not below 6.6¢10°
Contribution of low- temperature peaks to total
light sum, 7. . . . . . ‘ ¢
Dose equivalent of 1ntr1n51c background, cGy e v e e+ . . 141078
Convergence of sensitivity, Z. . . . . . . . . ¢« « + .« . . 13
Measuring range of absorbed dose; cGy. . . . . . . . . .141073-5.103
Variation of detector sensitivity in the absorbed
dose range 5¢1073-5¢103%, Gy, 2 . . . ¢« . s . . . « . . . tl5
Number of times detectors used . . . . . . s . . . . 500
Loss of accumulated light sum during storage for
1 yr, 7:
at 20°C [ T T T S S 7. .+ +« . . no more than 5
at 40°C . . . . . . + 4+ s +« & i s« & i« « » nomore than 15

The detector preserves its characterlstlcs to w1th1n *157 after irradiation with a dose
of 5-10% cGy. :
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USE OF POLARIZED RADIATION FOR INCREASING THE SENSITIVITY OF
MULTIELEMENT X-RAY FLUORESCENCE ANALYSIS

A. A. Ter-Saakov and M. V. Glebov  UDC 543.423.8:543.426

The use in x-ray fluorescence analysis (XFA) of the direct radiation from a tube for
determining the elements in a light matrix significantly limits the sensitivity of the method,
which mainly is due to the strong scattering of the continuous bremsstrahlung.

At the present time, different methods have been developed for increasing the sensitivity
of XFA, among which one of the most promising from our point of view is the polarization of
the primary radiation. In [1-6] methods are considered for obtaining polarized radiation.,
With excitation of the characteristic emission of the sample by polarized x-radiation, the
Compton scattering cross-section dG can be represented in the form (4]

. 2 \2 . '
dG = (%w—z—) sin? tdQ, . (l),

where e and m are the charge and mass of the electron; c is the velocity of light; and t is
the arigle between the direction of the intensity vector of the electromagnetic field of the
polarized radiation and the direction of observation. In the ideal case, when t is equal

to 0° or 180°, it is possible to get rid of the scattered radiation of the sample in the ap-
paratus spectrum.

The most widespread mechanism is considered to be scattering of the primary radiation
at an angle of 90° (Thompson conditionof polarization). It should be noted that this method
has a considerable limitation — the low intensity yield. Another method is based on the use
of a diffraction crystal as a polarizer [2,3]. In order that the crystal should "function"
as a polarizing monochromator, it is necessary to fulfill the Thompson condition and Bragg's
law. The drawback of this method is the reduction of the probability of excitation in the
case of multielement XFA and also difficulties connected with the technical achievement.

An experimental XFA facility has been developed using polarized radiation. ' The excita-
tion system is.designed with consideration of the Thompson condition of polarization. A
modernized small-sized REIS-I emitter is used as the x-ray generator. Its characteristics
are: a straight-through drift tube with a copper, molybdenum, or silver anode; a smmothly
controlled working voltage from 0 to 45 kV; an anode current of 50-450 wA; and a maximum
power in the tube of 12 W. The fluorescence from the sample is detected with a Si(Li)-semi-
conductor detector of the type BDER-2-25 with a resolution of 290 eV at the 5.9 keV line;
the thickness of the inlet beryllium window is 100 ‘um. The recording system is the NTA-1024
spectrometric equipment, coupled with the EMG-666 minicomputer.

A series of experiments was carried out on the facility on the optimization of fluor-
escence excitation conditions of biological samples (choice of the tube anode material, high
voltage, anode current, and polarizer material). The analytical possibilities of the x-ray
fluorescence facility using the tubes are determined to a considerable extent by their spec-
tral characteristics. The investigations conducted by us of the dosimetric and spectral
characteristics of the BS-1, BS-3, and BKh-7 x-ray tubes with copper, silver, and molybdenum
anodes have shown that for theanalysis in samples of biogenic elements, it is most efficient
to use the BKh-7 and BS-1 tubes with a copper anode. This is because in the primary spectra
of the x-ray tubes with molybdenum and silver anodes, 'interfering" lines of the characteris-
tic radiation are present and the total radiation intensity of these tubes is a factor of
5-15 less than tubes with a copper anode.

The polarizer material is chosen depending on the group of the elements being analyzed,
which was due to two factors. Firstly, the scattering efficiency of the polarizer material
is found to have a direct dependence on the ratio of scattering to the photoelectric absorp-
tion. Secondly, the interaction of the primary radiation with the polarizer material takes

Translated from Atomnaya Energiya, Vol. 58, No. 4, pp. 260-262, April, 1985. Original
article submitted June 6, 1984,
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Fig. 1. Dependence of the threshold of detection
of potassium (a) and iron (b) on the high voltage
on the tube, for a polarizer of beryllium (e),

_ plastic (x) and graphite (o).

place in a limited region, depending on the actual geometric dimensions of the collimation
system. An estimate of the scattering efficiency of the polarizer material conducted by
us by the procedure of [6] showed that for the analysis of biological samples for elements
from chlorine to zinc, polarizers of graphite, boron carbide, and plastic are the most sound.

As a criterion of optimality with respect to current, high voltage, and polarizer mater-
ial, the threshold of detection was chosen:
_ 3V Ni . :
Cthr_—_——Np C, : - (2)
where Ng is the number of background pulses, Np is the number of pulses in the photopeak, and
C is the concentration in the sample of the element being analyzed. ‘ '

A study of the dependence of the threshold of detection on_the anode current (y) revealed
that over the whole working range from 50 to 450 uA, Cthr ~ 1/vy; the investigations were
conducted with fixed values of the voltages — 10, 20, and 30 kV.

For opimization of the high voltage in the range 10-42 kV, experiments were conducted
on tubes with a copper anode and with different polarizers at a fixed anode current of 250
MA. From the results obtained, Fig. 1 shows the dependence of the threshold of detection
of potassium and iron on the high voltage for different polarizer materials: the optimum value
of the high voltage is found to be in the range 20-35 kV, which confirms the numerical-theo-
retical estimates of the polarizer material given above.

Thus, the optimization experiments for the conditions of fluorescence excitation of bio-
logical samples showed that for the analysis of biogenic elements it is most efficient to
use an x-ray tube with a copper anode with operating conditions of the generator at a
voltage of 20-35 kV and anode current of 200-300 uA and to use graphite or plastic as the
polarizer material.

Experiments were conducted in order to develop the potentialities of XFA for biological
samplés. Ci, K, Ca, Mn, Fe, Zn, Br, and Sr were identified in vegetable samples; Si, K, Ca,
Ti, V, Fe, Sr, and Zr in soil samples; and K, Ca, Mn, Fe, Zn, and Cr in soil extracts. Typi-
cal spectra of a vegetation sample as the result of fluorescence excitation with polarized
and direct radiation are shown in Fig. 2. In order to estimate the threshold of detection,
standards were prepared, based on standard materials of cereal grass mixture (SMBT-01), wheat
grain (SBMP-01), and potato tubers (SBMK-01).

Experiments to determine the dependence of the threshold of detection on the atomic num-
ber of the element being analyzed were conducted in conditions close to optimum. In the case
of excitation with polarized radiation, x-ray tubes with a copper anode (24 kv, 250 uA) were
used with aplastic polarizer; the measurements were made in a '"saturated" layer. In the case
of excitation with direct radiation, tubes with a silver anode were used (18 kV, 50 uA); the
measurements were made in a "thin'" layer. The time of collection of the spectrum was 1000
sec. Some results of these experiments are shown in Fig. 3.

The investigations showed that in the case of x-ray fluorescence analysis of samples
with light matrices, the use of a source of excitation of polarized radiation from x-ray
tubes significantly increases the sensitivity of the determination of the elments.
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THE KERMA-CONSTANT AND KERMA-EQUIVALENT OF A RADIONUCLIDE SOURCE

V. P. Mashkovich . UDC 539.166.2

The introduction of the International System of Units (SI) in our country on January 1,
1980, as the obligatory system [1-3] gave rise to a discussion [4-9] about the choice of de-
rivative physical quantities and their SI units, which should replace the y-ray constants
of radionuclides [10-16] and y-ray equivalents of radionuclide sources [15, 16]: used ex-
tensively in non-system units in the field of. ionizing radiations to characterize photon
radiation. The need of such a substitution is due to the fact that during the period of .the
introduction of SI, which should be completed by January 1, 1990, in the field of ionizing
radiations, the exposure dose and its derivative quantities are subject to. elimination (17].
Consequently, the y-ray constant and the nonstandard quantity, the y-ray equivalent, which
are defined in terms of the exposure dose rate, are also subject to elimination.

The discussion was brought to an end by the elaboration of methodological instructions
{17], in which the rare constant of the air kermat of a radionuclide (kerma-constant) and
the kerma-equivalent of a source are introduced in place of the y-ray constant and the y-ray
equivalent. These quantities are determined from the air kerma rate. The convenience of
using the kerma in the solution of practical problems stems from the fact that the SI unit for
the kerma has a simple whole-number relation to the non-system unit (1 rd = 107% Gy); the
kerma is appreciable to the determination of fields of both photons and neutrons in any range
of values of radiation doses and energles and does not introduce multivalued parameters into
the calculations.

The kerma-constant of a radionuclide [17] is Tg = ﬁérz/A, where ké is the rate of the
air kerma produced by photons of an energy greater than the prescribed threshold value & from
a point isotropically emitting source of the given radionuclide in a vacuum at a distance
r from the source, and A is the activity of the source. The unit of the kerma-constant is
the gray-meter squared per second-becquerel, Gy+m?/sec+Bq. The unit aGy-m?/sec:Bq is recom-
mended as the preferred unit.

The physical meaning of the kerma-constant is the rate of the air kerma produced by pho-

tons of an energy higher than the prescribed threshold value § at a distance r = 1 m from

a point isotropically emitting source of the given radionuclide with an activity A = 1 Bq,
placed in a vacuum. The value of the kerma-constant is numerically equal to the air kerma
produced by photons from a point isotropic radionuclide source in one decay at a distance

r = 1m fromthe source in a vacuum. It is recommended that § = 30 keV be taken in calcula-
tions since photons of lower energy are usually of nc practical importance as a consequence
of intense absorption.

Calculation of the kerma-constant I's [aGy-m2?/sec+Bq] for a radionuclide emitting photons
of m different energy groups, with the energy of the i-th group E,; [MeV], quantum yield nj
[photon per decay], and mass energy transfer coefficient utr,i [m?/kg], must be made from the
formula

ki3

2 Eynipuy, 31,602 10151018
Fb— i=1 B
= 7 1 _ |
m n - - (1)
- a .
=12750 D) Eonitie, i = 2 TEn = Ls,,
=1 i=1 b

where 1.602:1071% is the factor for the conversion of a megaelectron volt to joules, 10!8
is the factor for the conversion of a gray to attograys, 1 J/kg:Gy is the energy equivalent

TThe word "air'" indicates the substance for which the kerma is determined.

Translated from Atomnaya Energiya,.Vol. 58, No. 4, pp. 262-265, April, 1985. Original
article submitted April 19, 1984; revision submitted October 2, 1984,
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Fig. 1. Dependence of normalized
differential kerma-constant §;*
on the photon energy E,.

of a gfay, Is. ié the differential kerma-constant (calculated for the i-th monoenergetic
group of photons), and réi# is the normalized differential kerma-constant {calculated for
a yield of 1 photon per decay, i.e., for ni = 1) (Fig. 1).

If in (1) we replace utr,i for air by the mass energy absorption coefficient Uen,i in
air, then when the condition of electron equilibrium is fulfilled the constant will be cal-
culated from formula (1) in the same units but on the basis of the absorbed dose rate in air.
It is known that pen = utr(l — g), where g is the fraction of the energy of secondary charged
particles that is transferred to bremsstrahlung in the given material (Fig. 2). As follows
from Fig. 2, for most radionuclides, whose radiation has an energy E, < 3 MeV, the fraction
g < 0.01 for air and, therefore, the value of the air kerma can exceed the value of the. ab-
sorbed dose in air by no more than approximately 1Z. This means that with an error of ap-
proximately 17, which is smaller than the error of determination of the coefficients of pho- °
ton interaction with the material (#2%7 [19]), we can assume the kerma-constant to be equal -
to the absorbed dose rate in air, calculated for the same conditions under which the kerma-
constant is calculated. We note that the above is correct only for light-atom media (air,
water); for heavy substances the value of g can be considerably higher (see Fig. 2).

It can be easily shown that the kerma-constant I'§ [aGy'm?/sec:Bq) is 6.55 times greater
than the y-ray-constant I' {R*cm?/h: mCi], calculated in non-system units from the exposure
dose rate, if we assume that g = 0, which is valid for the problems considered in this paper.

The calculated values of the kerma-constants of the radionuclides used most extensively
are given in Table 1. The calculations took annihilatjon radiation and K-radiation into ac-
count. The kerma-constants of radionuclides with allowance for the y-radiation of the daughter
products are given for the equilibrium state. The error of the values of the kerma-constant
presented here is 3-117%. ' :

The kerma-equivalent Ke of a source [17] is Ke = er, where K is the air kerma rateof
photon radiation, with a photon energy higher than the prescribed threshold § of an isotro-:
pically emitting point source placed in a vacuum, at a distance r from the source. The unit
of the kerma-equivalent is gray-meter squared per second (Gy:m?/sec). The units nGy-m?/sec,
uGy+m?/sec, mGy-m?/sec, and Gy+m?/sec are recommended as preferred units.

The physical meaning of kerma-equivalent is the rate of the air kerma produced by pho-
tons of an energy higher than the prescribed threshold value é§ from the given isotropic point
radionuclide source in a vacuum, at a distance r = 1 m from the source. This value is neces-
sary and appropriate for comparison of the y-radiation of sources on the basis of the ioniza-
tion effect in air.

From the definition it is clear that the kerma-equivalent Ke [aGy+'m?/sec] is related
to the activity A (Bq] through the kerma-constant [s[aGy m?/secBq| by

K,= AT, . (2)

We relate the kerma-equivalent Ke [nGy'm?/sec] to the Y-ray equivalent m, expressed in
milligram-equivalents of radium (mg-eq. Ra). Since the y-ray equivalent m is related to the
Y-ray constant [ [R+cm®/hemCi] and the activity A, [mCi] of the radionuclide by m = A,I/8.4
{8.4 Recm?/h-mCi is the y-ray constant of radium in equilibrium with the principal daughter
products of decay after a platinum filter of thickness 0.5 mm], when Eq. (2) is taken into
account we can write Ke/m = (ATg107°):(A,T/8.4) = (A/A,)(Tg/T)107°+8.4 = 3.7+107+6.55-10~2-
8.4 = 2.04. Therefore, we have approximately :

K,=2.04 m. (3)
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TABLE 1. Values of the y-Ray Constants and Kerma-Constants of the Most Widely Used
Radionuclide®! for & = 30 keV

r, R.'sz/h'mCi‘ ., aGy- mz/
Radionuclide Half-life — . = [ .o
[15] *2 . [14] %3 . sec +Bq
#iNa ’ 2,603 yr - 11,85 - 11,8(9) 77,6 (33)
UNa 15,029h 18,13 18,1 (8) 119 (5)
5Mn . 312,16 days : 4,616 4,61 (27) _ 30,3 (18)
Bl'e 44,52 days 6,177 6,2(3) £1(2)
%Co : 271,5 days 0,553 0,56 (3) 3,7(2)
#Co 5,273yt 12,85 12,8 (6). 84,2 (39)
8/n 243,9days. 3,056 3,07 (18) _ 20,2 (12)
HAs 80,30 days’ 0,0372. 0,0373 (30) - 0,245 (20)
idAs 17,77 days 4,349 4,32 ' 28 (1)
5e 119, 8 days 2,029 : 1,99 (16) 13,1 (10)
85K ' N 10,73 y¢ 0,0129 ~ 0,013 (1) ‘ 0,086 (6)
ny : 58,51 days 0,0312#5 - 0,019 (2) : 0,12 (1)
98Zr - $§™Nb 64,02 days. 4,125 4,12(18)~ 27,1 (12)
3ND ' ' 35,01 days . 4,269 _ 4,22(27) 27,8 (18)
W3R 4- 3™ Rh 39,36 days 2,829 2,8(2) _ 18 (1)
18 Ru - 198Rh ' 367 days 1,150 1,16 (5) - 7,63 (33)
LomAg L 110Ag 249,9days 15,39 15,0 (10) 98,7 (66)
148n 4 13m ]y 115,1days , 1,451 1,48(9) 9,74 (59)
138D 60,20 days 9,617 9,6 (4) 63(3)
wr : 8,054 days 2,156 2,16 (10) _ 14,2 (6)
mYe ' 11,97 days 0,423 0,45 (3) 3,0 (2)
BiCs © 2,062 yr 8,724 8,72 (32) 57,4 (21)
B7Cs4-197Ba 30,18yr 3,242 3,24 (16) 21,3 (10)
14083, 12,789 yr 1,095 1,13(5) 7,44 (33)
YLa 40,240 11,48 - 14,8(5) 76,3 (33)
11Ce o 32,50days 0,433 0,43 (2) 2,8 (1)
iCe 4 13Pr - 284,4 days 0,265 _ 0,27(2) 1,8(1{
3Py 17,28 min T4 S 04400 : 0,92 (6)
152 B 13,60 yr 6,284 6,5 (5) 43(3)
10 Tm 128,6days 10,0266 06,0274 (11) 0,180(7)
21y ' 74,08 days 4,605 4,72 (13) 31,0(8)
AL - 2,695 days 2,305 2,33 (14)° 15,3 (9)
il 46,73 days 1,202 1,29 (8) 8,49 (53)
219Po 138,3763 days 5,35.40-5 5.5 (3) 165 3.6 (2) 104
2ARAYS , : 1600 yr 9,031 - 59,4
26Ra*? 1600 yr 8,4 . — . 55,3

**In parentheses_is the error of the given value in the last significant figure (last
significant figures) for a confidence coefficient of 0.68. For example, 4.61(27)
means 4.61 *+ 0.27 with a confidence coefficient of 0.68.

%2The values of [15] were cited from the reference book [13] with correction: photons
of energy up to 30 keV have not been taken into account and the value of the energy
equivalent W of the roentgen has been taken to be 87.3 erg/g*R [in [13] W = 87.7 erg/
g*R].

%3 The calculations were performed for photons of energy higher than 30 keV and W was
assumed to be 87.7 erg/g‘R. :
*% The kerma-constant was calculated by multiplying the y-ray constant from [14] by
6.55 with a correction for W = 87.3 erg/g°R.

#5The value corresponds to out-dated data about the decay scheme.

%6 226Ra in equilibrium with the principal daughter products of decay to RaD without a
filter.

%7 228Ra in-equilibrium with the principal daughter products of decay to RaD with an
initial platinum filter of thickness of 0.5 mm.

Since Ko and m are different physical quantities, the last equality should be understood ar-
bitrarily as meaning that K corresponds to 2.04 m. : -

In conclusion, taking the above into account we shall write formulas for the calculation

of different dose characteristics of a radiation field, using the kerma-constant and kerma-
equivalent.
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o

g, rel. units

Fig. 2. Dependence of g on the photon energy
for different media (plotted from the data of
(17) and [18]): 1) lead (Z = 82); 2)iron (Z =
26); 3) aluminum (Z = 13); 4) air (Zgff = 7.54).

For an isotropic point radionuclide source of activity A [Bq] withkerma—equivalent Ko [nGy-
m?/sec] and kerma-constant Ts [aGy-m’/sec~Bq] the dose characteristics of the field at a d1s-
tance r {m] from the source can be calculated from the following formulas:

K= ATg/r2 for the air kerma rate, in attograys per second;
k = Ke/r2 for the air kerma rate, in nanograys per second;
D = K for the adsorbed dose rate in air;

H=1.09D~1.09 R for the equivalent dose rate.

The last two formulas for D and H are valid if the condition of electron equilibrium is
fulfilled. 1In these formulas the sign = means that the equality is valid for g = 0; the value
1.09 corresponds to the ratio of pen for biological tissue (water) and air, which is equal to
1.09 £ 0.03 [20] over the wide range of energies from 0.04 to 15 MeV.

The dose field of an isotropic volume source is calculated as the superposition of the
fields of isotropic point sources with allowance” for self-absorption, possible attenuation
of radiation in the environment of the source, and multiple scattering, using the well~known
methods f[16]. »
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ANALYSIS OF THE SENSITIVITY OF A MODEL OF TERRESTRIAL FOOD CHAINS

V. Ganushik, A. Mitro, . UDC 614.876
T. Sabova, and 0. Musatova

In any section of the nuclear fuel cycle, it is possible for radionuclides to enter the
environment. In an estimate of the radioecological consequences of this process, mathemati-
cal modeling occupies an important place. The common feature of these models is the computa-
tion of the transport of radionuclides into the atmosphere and the hydrosphere and also
through food chains {1].

The purpose of the present paper is to estimate, by means of a sensitivity analysis,
the importance of the individual parameters of the model for terrestrial food chains, which
was recommended by the Permanent Commission of CMEA for the Peaceful Utilization of Atomic
Energy [2]. This method creates the basis for the calculation of the numerical values of
the buildup factors of radionuclides in the chain deposited from the atmosphere — the con-
tent in food products (see [1]). :

Method of Sensitivity Analysis

By the analysis of sensitivity, using analytical or statistical approximation, usually
is understood the study of the interaction between the information introduced into the model
and the answer obtained. In the present paper, the authors have used a numerical nonstatis-
tical approximation, increasing or decreasing the value of the input parameter by a few per-
cent of the nominal value and keeping the other parameters constant [3]. The numerical value
obtained for the coefficient of sensitivity is a measure of the sensitivity of the result
to changes of value of the input parameters. The calculations were performed in the Insti-
tute of Radioecology and the Utilization of Nuclear Technology, Czechoslovakia.

It is easy to show that with a change of value of the input parameter by p Z, the coef-
ficient of sensitivity S, is expressed by the relation

0 Yio¥,

S1= p Y() 3

where Y, is the value of the cutput parameter (in this case, the equivalent dose) for a
nominal valueof the input parameter; Y, (Y,) is the value of the output parameter for an in-
crease (decrease) of the nominal value of the input parameter by p Z.

The coefficient of sensitivity (CS) can acquire a positive or a negative value. With
a zero value, this parameter does not enter into the expression for the equivalent dose. With
a negative CS, an increase of the value of the input parameter involves a decrease of the

Institute of Ra@ioecology and Utilization of Nuclear Technology, Czechoslovakia. . Trans-
lated from Atomnaya Energiya, Vol. 58, No. 4, pp. 265-268, April, 1985. Original article
submitted July 30, 1984. '
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TABLE 1. Average Values of CS, Calculated
for Direct Contamination and for a Change of
the Nominal Value of the Parameter by 30%

Average . ‘
CS value . Parameter

10-5— 1074 | (29), (3)

‘ 100 — 4073 | (22), (27), (28

| 10781072 | (14), (16), (17), (21), (23), (24), (26), (33),
: (35), (36), (46), (48), (4D, (53), (55), (56),

‘ : (64), (67). (68) )

| 1210t | (15), (2

| 0,1—0,2 | (18), (2

| f

}

5, (31L (34), (47), (54), {GO)
N, (37), (59, (57)
0,25 —0.,3 | (4), (5), (13), (65), (72)
0,342 32), (45), (52)

(
0, 361 wy(wn
0,446 AN, (51), (58), (59
1 (6), (73)

‘Note. Here and in Table 2 for brévity, for
parameters with low CS values, the range is
given in which is found the CS value of the
corresponding parameter.

value of the output parameter. With a positive CS, an increase of the value of the 1nput
parameter leads to an increase of the value of the output parameter.

If the CS is used as an indication of changes of the output parameter with changes of
the input parameter for a given set of radionuclides, it is more convenient to use the ab-
solute value of the CS, S = |S,|.

Application of the Method

The ORB-11 model [2] was suggested for describing the transportation of radioactive sub-
stances through food chains. In terrestrial food chains, the direct contamination of crops
and grasses by the deposition of radionuclides on the stem parts and the indirect contamin-
ation in consequence of the absorption of radionuclides from the soil should be different.
For this seven principal food products are considered: wheat, fruits, cucumbers, cabbage,
potato, milk, and meat.

In forming the set of radionuclides, the authors were influenced by the requirement to
collect for each radionuclide the necessary number of nominal values of the parameters. 3H
and !“C were not analyzed, as the model being studied is unsuitable for them. Thus, a set
was formed including 22 radionuclides: 3!Cr, 3“Mn, %%Fe, °°Fe, 38Co, ¢°Co, ®3Ni, 55Zn, 25Zr,
95Np, L03Ru, lO06Ry, L10pp, 1317 13ucg, 137Cs, lulce’ 1““Ce, 1auPr, 14784, 147pm, and 238Pu.

The content of each of the 22 radionuclides in air was assumed equal to 1 Bq/m3, the
velocity of dry settling 1072 m/sec. The nominal values of 73 parameters were chosen in ac-

cordance with the recommendatlons of ORB-11 [2] The list and index numbers of the parameters
studied are given below. '

Because of the lack of data, the authors for all parameters used a uniform separation
of the values and an identical variability interval, i.e., an increase or decrease of the
parameter by 307 of the nominal value was assumed. For the purpose of distinguishing linear
and nonlinear parameters, the values of CS were computed also for a change by 90%. The -

linearity is characterized by an identical value of CS for these changes, and the nonline-
arity by nonidentical values of CS.

Method of Calculation

The CS was computed for each input parameter, radionuclide, contamination route, and
given change of input parameter, by formula (1). The average value of the CS, standard devi-
ation and coefficient of variation were calculated for the set of radionuclides formed. The
calculations were performed on the ADT 4300 computer. For simplicity, the parameters are
denoted in the text and in Tables 1 and 2 by figures. The following symbols are used:

coefficients of transfer: soil—plant (2), fodder-milk (3), fodder—meat (4);
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‘TABLE 4. Average ULd value, LalcuiatLea Lor -
Indirect Contamination and for a Change of
the Nominal Value of the Parameter by 307

Average
CS value Parameter

10-5—10-3 | (27), (29), (3"
10-5—10-2 | (10), (14), (16), (21), (22), (23), (26), (28),
(64), (66), (67), (68)
-2 —40-1 | (8), (11), (12), (13), (15), (17), (18), (24),
~(25), (31), (33), (35), (39), (41), (53), (55), (60)
0,1—0,2 | (5), (20, (34), (86), (37), (40), (42), (43),
: (54), (56, (57, (61), (65), (72)
0,219 (7 ‘
0,242 (&%), (58), (59)
0,247 (3), (69)
S 0,286 (32), (38), (4%), (59
()

- 0,326
1 (2), (0). (73)
1,098 (62), (63)

effective time of removal of radionuclide from organism (5);
effective equivalent dose (6);

time interval between spring plowing and gathering of the harvest of wheat (7), fruits
(8), cucumbers (9), cabbage (10), potato (11), perennial grasses (12);

time of growth of productive parts of the wheat (13), fruits (14), cucumbers (15), cab-
bage (16), potato (17), perennial (18), and pasture grasses (19);

duration of consumptionof the products and fodders of a single crop of wheat (20), fruits
(21), cucumbers (22), cabbage (23), potato (24), and perennial grasses (25);: '

time of initial delay from the instant of collection of the crop to the start of con-
sumption of wheat (26), fruits (27), cucumbers (28), cabbage (29), potato (30), perennial
grasses (31);

produétiyity‘of cultures of wheat (32), fruits (33), cucumbers (34), cabbage (35), potato
(36), perennial grasses (37);

' fraction of radionuclide fallen with precipitation, which is deposited on the surface
of the soil for wheat (38), fruits (39), cucumbers (40), cabbage (41), potato (42), perennial .
(43) and pasture grasses (44); '

-coefficient of primary retention in the productive parts of wheat (46), fruits (46), cucum-
bers.(47), cabbage (48), potato (49), perennial (50) and pasture grasses (51);

area of land per single person: wheat (52), fruits (53), cucumbers (54), cabbage (55),
potato (56), petennial (57) and pasture grasses (58);

average density of grass cover of pastureland (raw weight) (59); .

constant "field" losses in grass, in consequence of spoiling by cattle (60);
constant "metabolic" removal of nuclides from the root iéyer of soil (61);

depth of ploughing (62) and density of soil (63);

duration of life of dairy cow (64) and of beef oxen (65); |
time interval between two milkings of cows (66);

time interval between milking and consumption of the milk (67);

time interval from the instant of slaughter of the animal to consumption of the meat
(68);

average milk yield of cows (69);

consumption by humans of milk (70) and meat (71);
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mass of beef oxen at instant of slaughter (72);

rate of dry deposition of radionuclides from air (73).

Results

Direct Contamination. The high values of the standard deviation and the coefficient
of variation confirm that for the majority of the 53 parameters of this path of contamina-
tion, the CS are specific for each nuclide. The latter is not related to the effective
equivalent dose (6) and the rate of dry deposition (73). Both these parameters are char-
acterized also by the highest CS values, independently of the value of the change.

|

|

| Among the parameters of direct contamination, only parameters (5), (13), (14), (15),

| (16), (17), (18), (20), (21), (22), (23), (24), (25), (26), (27), (28), (29), (30), (31),

| (60), (64), (65), (66), (67), and (68) do not exhibit a linear dependence of the output on

| the input value. Of these parameters, only parameter (31) is characterized by an increase
of sensitivity with a reduction of the value of the percentage change. The average values
of the CS, based on a 307Z change of the nominal values of the parameters, are given in
Table 1.

. Indirect Contamination. In the 62 parameters characterizing this path of contamination,
only the transfer coefficient soil-plant (2), the effective dose (6), rate of dry deposition - -
of the radionuclide (73), depth of ploughing (62), and soil density (63).possess CS values
nonspecific for a given radionuclide. These parameters are characterized also by the highest
CS values. It is true, the CS value depends on the value of the percentage change only for
parameters (2), (6), and (73).

A nonlinear dependence of the output on the input is observed for parameters (5), (7)-
(18), (20)-(31), and (60)-(68). At the same time, only for parameters (24) and (67) is an
increase of the percentage change accompanied by a decrease of the CS. The average CS,
based on a 30% changeof the nominal values of the parameter, are given in Table 2.

Discussion of Results

The use of sensitivity analysis allowed the relative importance of the parameters to
be determined for the set of radionuclides beingstudied and the model of contamination used.
- The data obtained can be used for a stochastic approach to the modeling of the transporta-
tion of radiocactive substances through the food chains, and to the planning of radioecolo-
gical investigations. '

The sensitivity obtained for the parameters is specially important in that high values
of the CS are nonspecific for radionuclides and for the majority of them they are indepen-
dent of the percentage change. Contamination, whichis the input parameter of separate paths
of exposure, has no effect on the average CS values, within the limits of the exposure path.

The method used has several drawbacks. In the first place, it includes ignorance of
the variability of the input parameters and their nonlinearity. In the more general case,
the correlation and simultaneous change of all parameters should be taken into considera-
tion. These questions will become the subject of future investigations. '

Our knowledge about the variability of the parameters of the ORB-11 model is deficient.
It is known that the transfer coefficients differ with a large variability (this is not re-
lated to the variability of all parameters). Nonlinearity of the parameters also can make
difficult the interpretation of the results obtained by us. In general, the CS depends on
the percentage change, which is not identically representative for all parameters. The
choice of the percentage change can lead to an overestimation of sensitivity for some, and
to an underestimate for other parameters.

_ .For the purpose of determining for what parameters the CS changes sharply with increase
of the percentage change, its calculation was repeated for a change of the nominal value of
the parameter by #99.99%. In the case of direct contamination, the value of the CS of param-
eters (13)-(19) is increased, but not exceeding however the values of the parameters (6) and
(73). The CS of the other parameters remains constant or varies only insignificantly.

A change of the nominal value of the parameter by 99.997 is accompanied for the depth
of ploughing (62) and the soil density (63) by a sharp increase of the CS up to 4899.25, which
significantly exceeds the value of the CS for parameters (2) and (6). The CS for parameters
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(62) and (63), as a function of the percentage change, at the point p = 1007 possesses a point
singularity (+=). This explains the sharp increase of the value of parameters (62) and (63)
for p = 99.99%. Among the remaining parameters of indirect contamination, one should recall
also parameters (13)-(19), for which CS = 19.08. The CS for theremaining parameters is un-
changed or changes insignificantly.

It must be mentioned that for the parameters with a sharp change of CS, a high vari-
ability of their values is not expected. In realistic cases, when the quantity of the indi-
vidual radionuclides ejected is known, the calculation of the suspended CS is more appropri-
ate. ‘ '

In conclusion, the authors have great pleasure in thanking D. Khorvat and M. Shtubnya
for valuable advice and comments.
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LETTEKD 1V 1HE EULIUK .

STOPPING POWER OF MATTER IN SELF-SIMILAR REPRESENTATION

S. A. Gerasimov ' UDC 539.12.04

The Thomas—Fermi statistical atomic model has an important sélf-similarity characteris-
tic: The atomic number Z appears in any physical relationship only in the form of the combina-
tions [1] s

rZis, EZ-43, pZ-2p, . (1)

where r is the length, E is the particle energy, and p is the momentum. This means that the
Thomas—Fermi model has universal applicatjion in a wide range of problems: :The calculation
results pertain directly to all atoms, and transition from one chemical element to another
is achieved by simple scale transformation.

Using combinations (1), we can show that the differential ionization cross section o
with respect to the energy AE transmitted tothe atom by a heavy charged particle appears in
the corresponding relationships in the form of the combination Z3® do/d AE. This, in turn,
means that the ionization stopping cross section €(T) = dT/n, dx must correspond to the
2'/3¢(T) combination. Here, n, is the number of atoms of the material per cubic centimeter,
T is the kinetic energy of a particle with the charge Z,e, and e is the electron charge. The
TZ"*/® term determining the kinetic energy of particles is replaced by the dimensionless vari--
able :

b m o, R
b= w1 - (2)
where b = 1/2(31/4)%/3h2/me?; and m and m, are the\electron mass and the mass of the oncoming
particle, respectively. We also consider that for simple particles (protons, nuclei), the
energy loss must be proportinal to the square of the charge Z%. Under these conditions, the
self-similar relationship between the stopping cross section and the velocity (t ~ v2) of a
particle is given by :
R . ' (3)

—_— e ——=F (}),
ne, 2} dx ()

where F is a certain function.

Without performing complex calculations, and' using only experimental data-on the energy -
loss by protons in matter [2], we shall prove the validity of the self-similar representa-
tion [3] and determine its scope of applicability. From among all the experimental data
available, we choose elements with relatively large atomic numbers Z (20 £ Z < 80), for which
the energy dependence of the stopping cross section has been investigated fairly thoroughly.
The first of these conditions is connected with the fact that the Thomas—Fermi statistical
model. holds only for atoms with large Z values. . S .

The relationship [3] derived on the basis of experimental data is shown in Fig. 1.  This
in itself proves the validity of representation (3), at least for the range t > 0.1, Let us
examine more closely the range t < 0.1, where the deviation from self-similarity is consider-
able. We note that the deviation amplitude is equal to ~2, and we consider the fluctuations
in the behavior of dT/dx with changes in the atomic number of the moderating medium [4].
These fluctuations are most strongly pronounced in the low-energy range and, thus, for small
values of t. However, the fluctuation amplitude is approximately the same as the deviation
amplitude. The cause of fluctuations in the behavior of dT/dx is evidently connected with
the periodicity of the atomic properties with respect to Z, which, naturally, are not taken
into account within the framework of the Thomas—Fermi model. Therefore, application of the
statistical model in the t < 0.1 range is advisable only in providing estimates.

The described representation differs from those'already khown (5], and it can be used
as a physical basis for approximating experimental data. For this, however, it is necessary

Translated from Atomnaya Energiya, Vol. 58, No. 4, p. 269, April, 1985. Original article
submitted October 4, 1983,
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Fig. 1. Self-similar energy dependence of the stopping
cross section for a charged particle. 1, 2) Calculation
based on the Bethe—Bloch equation [3] for Z = 20 and
Z =179, respectlvely, 0) Ca; A) Cu; o) Kr; a) Ag; =) Xe;
o) Au.
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to use all the available experimental data, rather than a narrow selectionof elements, as was
done here.

In conclusion, the author extends his deep gratitude to V. F. Volkov for the useful dicus-
sion.
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METHOD OF CALCULATING THE STOPPING CROSS SECTION OF NUCLEAR
PARTICLES IN MATTER ‘

V. F.-Voikov and S. A. Gerasimov UDGC 539.12.04

The passage of fast neutrons, « particles, or atomic nuclei through matter is accom-
panied by their energy loss caused mainly by ionization moderation. One of the most effi-.
cient methodsdescribing the atomic ionization of a heavy charged particle is the binary col- . :
lision approximation [1, 2], which has been developed in (3-5] for calculating the stopping
power of matter. In contrast to the well-known simple methods [6], the binary collision
model describes correctly the ionization energy loss in both the low and the high energy
ranges of the oncoming particles. The ionization moderation of a charged particle in matter
is characterized quantitatively by the parameter dT/dx, which represents the mean energy loss
per unit path. In the binary collision model, this quantlty is determined by the expression

00

Lﬂ_ 2‘, N; S AE, g fos) oiap (01, ve) dvy dAE, (1)

R .
¢ i AR, 0

where n, is the number of atoms of the material per cubic centimeter, f(v,) is the distribu-
tion function of atomic electrons with respect to velocities v,, defined by the square of the
modulus of the electron's wave function in the momentum representation, oj,g is the differen-

Translated from Atomnaya Energiya, Vol. 58, No. 4, pp. 270-271, April, 1985. Original
article submitted March 15, 1984, ‘
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Fig. 1. Energy dependence of the ionization stopping
cross :section of protons. 1, 2) Our results; 3, 4)
calculation based on the Bethe—Bloch equation for Ar
(o) and Kr (e) atoms, respectively.

tial energy transfer AE; cross section [2], v, is the velocity of the oncoming particle, and
T is its energy. Summation in expression (1) is performed with respect to all the electron
states i in the target atom.

i This procedure of caleulating dT/dx for atoms with a large number of electron states
evidently involves many difficulties. Therefore, it is perfectly reasonable to raise the .
question of utilizing the statistical atomic model and its modifications in performing such
calculations. We shall subsequently consider an electron gas consisting of bound electrons.
We assume that the number of energy states of the electron gas is sufficiently large, so that
a continuous electron energy spectrum can be substituted for the discrete energy spectrum.
Assume that f(E, v,) is the function of energy and velocity distribution of electrons. 1If
the motion of gas electrons is quasiclassical, as the statistical atomic model assumes, the
energy and velocity dependence of the distribution function f(E, v,).is given by f(E, v,) =
v3F(E — mv3/2), where F(y) is 'a certain function. The function f(E, v,) must be normalized
with respect to the total number of electrons Z in the atom. Therefore, with the substitu-
-tion of variables b = (3ﬂ/4)2/3h2/2me2, x = bf/(e2z%/3), k2 = xmv3/2, € = =Ex, and u = k? +
€, we write the function f(E, v,), normalized with respect to the total number of electrons
in the atom, in the following form: o

1 ( 3n )5/8 K ag* (u), ,

16\ T AT du 2 ' (2)

/(Ev U2)=_ %

Here, m is the electron mass, e is the charge, and g(u) is a certain function of the
variable u. The minus sign in (2) is due to the negative value of the derivative dg/du. It
is assumed here that the distribution function (2) is defined for all em £ € < w and 0 £ k <
©, where em = —Emx and Em is the maximum energy of atomic electrons. Beyond this region,
f(E, v,) is assumed to vanish. '

1

We use expression (1) to determine dT/dx, in which summation with respect to all elec-
tron states is replaced by integration with respect to the energy E, and we find the function
of energy and velocity distribution of atomic electrons from Eq. (2):

Emmoo .
1 47 _

n_oﬁ_»s SE § AEG 5 (v1, vs) f (E, vp) dv, dAE dE. (3)

The function opg(v,, v,) doesnot depend on the integration variable in the outer integral
[2], so that, by changing the order of integration in expression (3) and calculating the
inner integral with respect to E, we find

©0o.
1 4T _3n_ S
ng dz = 32 872

..Em

' S AEcar (v1, vo) [€® (K2t em)— g3 (h24-%AE)) v} dvy JAE. (4)
0 . ’

If the function g{u) has been found, the advantages of the described method of cal-
culating dT/dx are obvious. The main difficulty now consists in determining the function
g(u). There are several methods for describing it. One of them is the Thomas—Fermi model
[7]. In this model, the function g(u) represents nothing but the solutions y = g(u) of the
equation u = x(y)/y, where x(y) is the universal function of the Thomas—Fermi model. How-
ever, analysis shows that this method does not yield satisfactory results in calculating
dT/dx throughout the entire range of oncoming particles. This is connected with the fact
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that the peripneral electrons in tne lNomas—rerml mogel nave very smail, Or even zero, values
of the energy €. .

Let us consider another, special method of determining the g(u) function, which is based
on experimental data pertaining to the Compton x-ray profiles of free and bound atoms. This
method can be used in investigating the ionization stopping of nuclear particles by crystal-. -
line solids for which the Compton profiles have been measured with a high degree of accuracy,
while the energy loss description by the binary collision approximation (1) involves great
difficulties.

Assume that J(q) is the‘Compton profile of the target element [8]. We introduce the
notation Q = qZ-2/3(b/2me?)/2; C(Q) = J(q)2-*/3(2me2/b)*/2. Then, the generalized Compton
profile C(Q) in the statistical atomic model is written as the integral

1

C@= | e trtem kar. | (5)
@
Hence
_ 2 dC (Q)
g (W)= Vu—en 40 o=V u-e, . (6)

while, for Ar and Kr atoms [9], the function g(u) can be written approximately in the fol-
lowing form:
' - 10B | 4H 64 (u—ep)
® W) = B a7 (DTH (a—em) T8 (a—em) T (7)

where the coefficients A, B, D, and H, besides the traditional accuracy requirements in de-
scribing experimental data, must satisfy the condition for normalization of the Compton pro-
file and the distribution function (2): A = 0.79; B = 70.7934; D = 0.77714; H = 17.8283., In
this representation, expression (5) for the generalized Compton profile is self-similar:
Simple scale transformation is used to calculate I(q) for any other atom in the first aprpoxi-
mation. This means that the g{u) function found in such a manner is applicable at least to
all atoms with 18 < Z £ 36.

Figure 1 shows the results obtained in calculating dT/dx by means of expressions (4)
and (7) for Ar and Kr target atoms as dependences of (Zl/slnozﬁ)dT/dx ont = me/(ezlz“/3m1),
which are compared with experimental data [10]. For large values of t, the results obtained
by means of the described method are close to those provided by the Bethe—Bloch theory [6],
while, for small and intermediate reduced energy values t, the theoretical stopping cross
sections are close to their actual values. All this supports the validity of our model of
ionization stopping of nuclear particles in matter. The proposed method is different from
those already known and can be used for solving a number of problems in investigating the
ionization stopping of heavy charged particles by matter.
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INFORMATION SYSTEM FOR TWO.RBT-lO RESEARCH’REACTORS

V. A. Kachalin, A. V. Kiselev, _ C UDC 681.3:681.142.3
A. I. Kras'ko, V. G. Kusikov,
Yu. F. Sviridova, and Yu. D. Fedorov

The information system considered here 'is designed to provide simultaneous service in
an adviser regime for two RBT-10 pool-type reactors. The system has facilities for automatic
acquisition and processing of data about the technological parameters of reactors and some
regimes of tests of experimental devices (all told about 250 sensors for temperature, pres-
sure, level, flow rate, etc.). The information system is based on an RPT programmable ter-
minal (manufactured by VIDEOTON, Hungary) which is a functionally improved one-processor
minicomputer [1].

Leaving redundancy aside, the system is based on.one RPT terminal and consists of a core
and two equal subsystems, each of which serves its own reactor. The subsystems function in-
dependently of each other, thus necessitating some sort of distribution of .equipment between
them and organization of the computer operation in a multiprogram time-sharing mode. An ex-
ception is the situation in which one of the subsystems has received a higher-priority initi-
ation signal (e.g., a signal of actuation of the scram system). In this case the resources
of the computer are automatically assigned to one subsystem in order to record the emergency
process as fully as possible.

In the system preference is given to hardware—software solutions which permit the neces-
sary operational changes to be made in the configuration of the system without shutting down
the subsystems [2].

With allowance for redundancy the information system is designed with two sets of equip-
ment: a main set, which is sufficient for functioning throughout both subsystems simultane-
ously, and an auxiliary set, which contains the entire list of devices of the information _
system, at least one copy of each. The auxiliary set is used to simulate the operating condi-
tions of either subsystem (e.g., during repair—restoration operations) as well as for the
development of software and hardware for the information system and as an independent comput-
ing complex. Any work done on the auxiliary set, including work involving measurements of
the readings of sensors served by the subsystems at that time, does not impede the functioning
of the subsystems. When any device of the main set fails, it is replaced promptly by the
same type of device from the auxiliary set with the aid of simple commutating gear. This
ensures that the system as a whole has a high degree of readiness and is fail-safe.

Figure 1 shows the hardware of the information system. The normalizing converters al-
low each sensor to be connected independently to two measuring channels of the first and
second sets of equipment. The permanent part of each set contains a computer and an RT peri-
pheral interface (manufactured by VIDEOTON, Hungary), the number of whose measuring inputs
has been increased by the additional connection of two 100-channel F799/1 commutators of
measuring signals. Special designs have been developed for the interfaces (PI) between the
RT and the F799/1, the signal panels (P 1, P 2), and the commutator for the devices. The
signal panel informs the operator about the state of the subsystem by means of transparencies
and acoustic signals. The device commutator makes it possible to divide three VT-340 dis-
plays (OD 1, OD 2, ED) (manufactured by VIDEOTON, Hungary), two operator's panels, and two
DZM-180 alphanumeric printers (ANP 1, ANP 2) (made in Poland) between the two computers. In
Fig. 1 the device commutator is shown arbitrarily in a state in which the main set of equip-
ment of the information system is based on computer Cp 1. The printer ANP 1 is used to keep
a record of the operation of both subsystems, while ANP 2 and one of the displays (ED) are
connected to the auxiliary set based on Cp 2.

Each subsystem can operate in three modes: Dialog, Analysis, and Archives.

Translated from Atomnaya Energlya, Vol. 58 No 4, pp. 271-272, April, 1985. Original
article submltted June 1, 1984, :
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Fig. 1. Block diagram of the apparatus of the information
system: OD 1 and OD 2 are the operator displays of the first
and second subsystems, respectively; ED is the engineer's
display; P 1 and P 2 are the signal panels of the first and
second subsystems, respectively; ANP 1 and ANP 2 are the
alphanumeric printers of the main and auxiliary sets, re-
spectively; C are the measuring-signal commutators; PI is

a peripheral interface.

In the Dialog mode two-way communication between the reactor operator and the subsystem
is possible with the aid of displays OD 1 and OD 2. Using the list of services shown on the
screen, the operator controls the operation of the subsystem: he connects or disconnects
individual sensors or groups of sensors, he changes the control settings, the normalizing
factors, and gains, indicates the parameters to be monitored by continuous or periodic read-
out on the display or printer, and so forth.

In the Analysis mode all the functions of the Dialog mode are retained and the following
operations are performed:

— periodic (every 5sec) measurement of the indications of the sensors in the subsystem;

— calculation of individual physical quantities (thermal power of the reactor, tempera-
ture drop, etc.) and readout on the operator display;

— monitoring, on the basis of the settings and the operator display readout, of the
neminal and running values of the physical quantities when they deviate from the settings,
including the switching on of acoustic signals and a transparency on the signal panel;

— readout on the operator display of the running values of arbitrarily selected param-
eters (no more than five);

— periodic (every one or three hours) printout of some calculated and measured values
with notation of the calendar time;

— diagnostics of the operation of the information system.

The subsystem goes into the Archives mode automatically when the scram system is actuated
in either reactor. In this case the appropriate acoustic and light signals are switched on,
the readings of the sensors in the subsystem are recorded until the 8K memory is filled, and

recording of the Dialog and Analysis modes in both subsystems is suspended for the entire
time. :

The special software of the information system plus the standard RPS operational system
occupy 32K out of the total 64K capacity of the memory. -

The first trial use of the information system has confirmed that the architectural con-
cepts adopted are correct and that the system has a high degree of operational and functional
reliability. The simplicity of dialog by the user coupled with prompt and clear presentation
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METHOD FOR REPROCESSING LIQUID RADIOACTIVE WASTES, COMBINING
SELECTIVE COMPLEXING AND ULTRAFILTRATION

V. A. Kichik, G. A. Yagodin, UDC 66.023.067.38.278:532.711
N. F. Kuleshov, and A. A. Svittsov )

The methods used in practice for reprocessing liquid radioactive wastes are closely linked
to the maximum desalination of aqueous solutions. Radiochemically pure water can apparently
be obtained only by removing the salt component and the radionuclides contained in it.

We have proposed a fundamentally new approach to the problem of reprocessing liquid radio-
active wastes, based on the idea of selective extracticn of radioactive elements from the
solutions. This is solved by combining the method of selective binding of the radionuclides
with a macromolecular agent and the method of ultrafiltration through a semipermeable mem-
brane: the membrane passes the radionuclide-free permeate, while the components being ex-
tracted are held back in the concentrated solution,

The method is, in principle, realizable because of the large number of chemical compounds
which selectively react with inorganic ions and which satisfy the following conditions: high
binding capacity and selectivity with respect to individual ions; high molecular mass
(<10,000), sufficient for complete retention by the ultrafiltration membrane; sharp molecular-
mass distribution of molecules; good solubility in water; and low cost and availability.

The spectrum of radionuclides in liquid radioactive wastes is quite wide (137Cs, l3%Cs,
69Co, 5“Mn, %9Sr, 33Cr, !3!I, and others); in addition, the absolute content of each radio-
nuclide is determined by the source of these wastes.

The chemical properties of radionuclides differ éubstantially, so that the fundamental -
problem is to select a binding agent for each of them for selective separation from the salt
component. ' ‘ '

In selecting the binding agents, we started from the following. Transition-metal ions
(cobalt, manganese, chromium, iron) have vacant d-electron orbitals and a small ionic radius,
i.e., they are typical complexers. To bind them we.used water-soluble polymers with amino
or carboxyl groups, in particular polyethylenimine-40000 (PEI) and polyacrylic acid-100000
(PAA). ' '

Cesium, which has a weak complexing ability, was transformed into a collidal state using
the method in [1] with the help of transition-metal (usually copper) hexacyanoferrates.
Iodine was bound in weakly acidic media with the help of starch, with which it forms a well-
known complex in which the iodine atoms fill the channels of the amylose polysaccharide [2].

All mentioned complexes are quite stable in weakly acidic, weakly-alkaline, and neutral
media, which occur in real liquid radioactive wastes. '

We performed the ultrafiltration with a membrane apparatus with a capacity of 1 m3 per
day for permeate under a presure of 0.15 MPa with membranes in the form of UPA-50 hollow
fibers. We performed the experiments using model solutions of radionuclides, as well as non-
industrial liquid radioactive wastes, entering the Moscow station for reprocessing of special
discharges, using the following procedure: the pH of the starting solution was corrected to
the required value; then we added the binding agent and vigorously mixed the solution, after
which we subjected the solution to ultrafiltration. We analyzed the specific activity of y-

Translated from Atomnaya Energiya, Vol. 58, No. 4, pp. 272-273, April, 1985. Original
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Fig. 1. Dependence of Kpur for °°Co on the pH of the starting
solution. The activity of y-emitting nuclides in the starting
solution is 1.85:10% Bq/liter; the concentration of the PL is
1 mg/liter (PEI (1) and PAA (2)).

Fig. 2. Dependence of Kpur on the concentration of the polymer
ligands with the use of ‘different semipermeable membranes: 1)
UAM-100; 2) UAM-150; 3) UAM-200.

emitting nuclides in the starting solution, concentrate, and'permeate<x1a NOKIA LP-4900.
gamma spectrometer as well as the specific activity of f-emitting nuclides on a TESLA NZR
601 beta analyzer.

We determined the effectiveness of the method with the use of the purification factor

(Kpur), i.e., the ratio of the values of the specific radioactivity in the starting solution
and in the permeate. . :

The quantity Kpur consists of two factors: the coefficient of distribution of radionu-
clides between thedissolved and bound (on the agent used) states and the degree of retention
of the agent by the semipermeable membrane.

~ The first factor, in its turn, depends on the optimal conditions for performing the
chemical reactions. It is therefore important to determine the working range of pH values
for the agents used. In this manner we found the optimal pH range for the ©°Co—polymer
ligand (PL) system (Fig. 1).

The second factor affecting the flow of the chemical reaction is the concentration of
the binding agent. Since the mass concentrations of the radionuclides are extremely low,
the main problem is to ensure that they combine with the binding agent in the solution. The
probability for such compounds to form increases when the concentration of reagents, in this
case the binding agent (Fig. 2), increases as well as when the intensity or the duration of
the mixing process increases.

Examining Fig. 2 we can conclude that in all cases a concentration of the PL many times
greater than the minimum required has practically no effect on Kpur.

The factor Kpur is apparently most sensitive to the molecular-mass spread in the PL or
the wide size distribution of pores in the membranes [the latter circumstance is indirectly
confirmed by the dependence of Kpur on the radius of the pores in the membranes (see Fig. 2)1.
The summed effect of both factors is also possible.

A second series of experiments was performed with real liquid radioactive wastes with
a total specific activity of y-emitting nuclides equal to 1.85:10% Bq/liter (primarily *3’Cs,
134cs, €9%Co, *°'1) andsalt content of ~500 mg/liter; the main ionic components in the salt
component were Nat, ca2?t, Mg2t, C1-, NO3, S02~; and, the pH was equal to 7-9.

Into the solution we added consecutively copper hexacyanoferrate, polyacrylic acid, and
starch with concentrations of 5, 10, and 10 mg/liter, respectively. In the experiments we
used the principle of maximum concentration of the starting mixture in the process of extrac-
ting the permeate, samples of which we analyzed (see Table 1).
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TABLE 1. Results of Purification of Real
Liquid Radioactive Wastes

Activity of y-emitting ) K
nuclides in the per- pur
meate, Bq/liter

187Cg | 134Cs | 60co | 1311 137C3 134Cg 60Co 1311

<3| <13 | <26 | <63 >360 | >100] >30 |~ 14

In spite of the fact that the starting solution was concentrated 40-fold by volume, Kpur
for each radionuclide remained constant and the concentration of radioactive contaminants in
the starting liquid radioactive wastes was reduced to the normal levels.

It should be noted that the volume concentration achieved was not the limiting concentra-
tion and is determined only by the amount of suspension in the starting solution and the con-
tent of the reagents introduced. ’

It is intended that the concentrates obtained be boiled down, since their salt content
is at the level of the starting solution. Thus, the volume of liquid radiocactive wastes to
be solidified and stored can be decreased at least by two orders of magnitude.

Based on the results presented we can draw the following conclusions:

— the method combining selective complexing and ultrafiltration is promising for reproces-
sing of liquid radioactive wastes, especially wastes with a salt content exceeding 500 mg/liter;

= in order to develop the method further, it is necessary to study the interaction of the
binding agents.with the membrane- material, surface-active substances, and with each other;

— it is necessary to search for and synthesize new, more effective binding agents.
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EMERGENCY SHUTDOWN OF AN AMBIPOLAR REACTOR

N. N. Vasil'ev and M. G. Kuznetsov ‘ UDC 621.039.6

An important stage in the design of any nuclear power plant is an analysis of possible
emergencies and a development of measures to localize and eliminate their effect. As far
as a hybrid thermonuclear reactor is concerned, the greatest hazard seems to be related to
overheating of the fuel elements of the uranium blanket (for instance, as a result of acci-
dental failure of coolant circulation) and subsequent fuel-element containment failure and
escape of fission products into the coolant circuit. - Another possible accident which is
specific to-a thermonuclear reactor and has serious consequences is sealing failure of the
circuits of the vacuum—tritium complex with escape of tritium into the reactor room. "Obvious-
ly, it is such systems that largely determine the safety of a hybrid thermonuclear machine.

When accidental failure of uranium blanket cooling occurs, it is essential to 'quench"
the thermonuclear reaction as quickly as possible. In an ambipolar system, this can be
achieved by switching off the systems of injection into the central trap and into the locking
ones, as well as the system of thermal barrier pumping out and that of microwave heating of
electrons. As fuel supply stops and the ambipolar barrier is destroyed, the ion density-and
temperature in the central trap decrease, and so does, consequently, the intensity of the
thermonuclear reaction.

However, if the central trap and the locking ones are emptied too fast, there will take
place a significant (though short) jump of the heat flux on the end plasma receivers which

Translated from Atomnaya Energiya, Vol. 58, No. 4, pp. 274-275, April, 1985. Original
articlg submitted June 8, 1984.
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Fig. 1. Variation of plasma parameters and
energy characteristics of the TROL reactor
with time when the systems of injection into
the central trap and into the locking ones,

of pumping out thermal barriers, and of micro-
wave heating of electrons in the locking traps
are switched off instantaneously.

already operate under quite severe conditions. This can lead to burnout of the receiver
tubes with all the serious consequences which follow from it. Thus, an optimal shutdown
scenario for an ambipolar hybrid reactor has to be found. :

The complexity of this task is due not only to the uncertainty connected with the inac-
curacy of the existing physical plasma models, but also to a great number of external sys-
tems involved in the operation of an ambipolar reactor, to the possibility of adjusting the
paraméters of these systems over a wide range, etc. Therefore, this study started out by’
investigating the behavior of the energy parameters of an ambipolar reactor with thermal
barriers when all the injection systems and the system of microwave heating. of electrons in
locking traps are instantaneously switched off. The goal of this study was not to analyze
in detail the dynamics of the reactor as a whole (for example, the transient conditions in
the blanket), but rather to investigate only the variation of plasma parameters and their
influence upon the neutron flux on the first wall and upon the heat flux falling on the end
plasma receivers. '

Calculations were made with a model of energy and particle balance for an ambipolar trap
described in detail in [1]. It represents a system of zero-dimensional nonstationary .equa-
tions for the density and temperature of fuel ions, of helium, and of electrons. The values
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of the plasma potential in the central trap and the locking ones were computed with alge-
braic equations for the balance of ion and electron losses ateach time, while the thermal
barrier was specified parametrically.

In this calculation, the power operating mode of a hybrid ambipolar reactor TROL (thermo-
nuclear power 800 MW) [2], modified with due regard for the introduction of thermal barriers
equal to a doubled temperature of flight-path electrons, was taken as rated. ' In this case,
the injection energy and the mean plasma density in the locking traps were reduced to 500 keV
and to 6.5:10%% cm™?, respectively, with an injection current of 170 A and a power of the
microwave heating of electrons equal to 150 MW.

It was assumed in the calculation that when the pumping out system is instantaneously
switched off, thermal barriers are destroyed both due to a decrease of the temperature of
the flight-path electrons and as a result of an increased density of ion—ion collisions in
a characteristic time (for the plasma parameters considered here, this time amounts to ~1
sec). S .

Figure 1 shows the calculated variations of density n, temperature T, and potentials ¢
of plasma with time, as well as the time dependence of the neutron flux SN on the first wall
and of the heat flux ST on the end receivers. It can be seen that the quenching time of a:
coolant (SN drops to 1% of the rated value) is determined by the characteristic destruction
time or thermal barriers and amounts to ~1 sec. During all this time, nPe > nCe, TPe 2 TCe,
ob < ¢C <« dP, TCe < 0.5(¢P — $¢), Here superscripts c, p, and b correspond to the central
trap, to the locking ones, and to thermal barriers, respectively. Therefore, ambipolar con-
finement is preserved during the whole period of transient conditions under study, which
gives us reason to believe that the physical plasma model used is correct.

The specific heat release in the fuel elements- of the uranium blanket has the same time
dependence as the neutron flux on the first wall (without taking into consideration the
afterheat). Consequently, knowing the rated parameters of the blanket, we can easily cal-
culate the temperature increase of the fuel-element core in the absence of heat removal. For
the blanket of the TROL reactor (4], this temperature increase amounts to ~150°C. In this
case, though there is no danger of fuel-element core or jacket meltdown, the fuel element
can be damaged because the phase (a/8) transition temperature of uranium metal is exceeded.

The maximum value of the heat flux falling on the end plasma receivers is ~3 times
greater than the rated one which corresponds to steady-state operating conditions of the
reactor; obviously, the cooling system for the end receivers must be designed with a margin
of safety. ' '

Thus, the analysis shows that emergency shutdown of an ambipolar reactor is not an easy
task. It is therefore essential to continue the development of models describing plasma
decay in the traps of an ambipolar reactor with due regard for a series of complicating
physical factors, such as an abnormally rapid destruction of thermal barriers, an intensi-
fied erosion of plasma by a neutral gas due to a deterioration of vacuum, a possible loss
of stability because the anchors become less efficient, etc. Another pressing problem lies
in finding an optimal shutdown scenario in order to develop requirements for appropriate
emergency protection systems. '
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YIELD OF FRAGMENTS FROM PHOTODISSOCIATION OF 2%2?Pu

Vo Dak Bang, Yu. S. Zamyatnin, UDC 539.173.3
Chan Dyk Tkhiep, Chan Dai Ngiep,
Fan Tkhu Khyong, and Le Tkhi Kat Tyong

There are few published papers on the photodissociation of ?“?Pu. The angular distri-
bution of the fission fragments produced by near-threshold (5-10 MeV) bremmstrahlung was
measured in [l] with glass detectors in order to study the structure of the fission barrier.
The data on the mass distribution of the fragments from the photodissociation of this nuclide
were not published. On the other hand, interest in nuclear data on the yield of fragments
from fission of nuclides is continuing in connection with the development of the theory of
nuclear fission and the solution of applied problems. In this work we determined for the
first time the post-neutron yields of fragments from the photodissociation of 2“%Pu by
bremmstrahlung from electrons with energies of 18.1 % 0.2 MeV and 20.7 t 0.3 MeV as well as
the parameters of the mass distribution of the fragments.

The target consisted to 3 t 0.3 mg of plutonium dioxide enriched up to 94.7% 2“%?Pu. We
deposited a thin layer of plutonium on an aluminum substrate 70 um thick with a diameter of
55 mm. The diameter of the active spot was equal to 20 mm. We used the technique described,
for example, in [2] for collecting the fragments escaping from the layer of the fissioning
material, followed by Yy spectrometry of the undissociated mixture of fission fragments. We
placed the foil-collector consisting of highly pure (99.999%) aluminum 0.1 mm thick at a dis-
tance of 1 mm from the #“?Pu layer. To eliminate any effects from the fissioning of the 2“lPu
impurity by thermal neutrons, we. surrounded the entire assembly with a layer of cadmium 0.5 mm
thick. We neglected the fission by fast neutrons because of its negligible contribution
(<0.1%). For the irradiation, weused an MT-22 microtron [3]. The bremmstrahlung was gener-
ated in a tungsten target 2 mm thick. The residual electrons were absorbed in aluminum foil
35 mm thick. An average beam current of 10 pA was maintained with a stability of *57. We
measured the spectra with the help of a spectrometric system ceonsisting of a Ge(Li) detector
with a volume of 28 cm® and anLP-4900 (NOKIA ELECTRONIKS) multichannel analyzer. The energy
resolution of the system was equal to 3 keV according to the 662-keV line of !'3*7Cs, the irradi-
ation time was 5 h for the 18,1-MeV electrons and 6 h for the 20.7-MeV electrons. We measured
the y spectra in the automatic mode with the spectra recorded one after another on a magnetic
tape. We selected the cooling and measuring times depending on the decay scheme of the chain
with the nuclide under study and we varied them in the range 0.5-1470 h and 0.5-10 h, respec-
tively. We identified and calculated the intensities of the peaks with the help of the ACTIV
program [4), adapted to the MINSK-32 computer. We performed a higher precision analysis of
the spectra using the KATOK (5] program on a PDP-11/70 computer. :

We calculated the relative yields on the SDS-6500 computer using the RICH 1 program,
in which the FUMILI ‘subprogram [6), which performs least-square calculations, was used. The
technique used to calculate the relative yields was the same as that described in [2]. The
data on the half-lives of the nuclides, the absolute quantum yields of the y lines, and their
errors are taken from [2, 7-9]. We scaled the values of the relative cumulative yields of
the identified nuclides to the total yields of the chain with a given mass. At the same time,
we calculated the parameter Zp in the Gaussian distribution of the independent yields under
the assumption that the charge distribution in the fissioning nucleus and in the fragments
remained unchanged, taking into account the deviation of the set of experimentally measured
values of Zp from this law [10]. The value of the width of the Gaussian distribution ¢, equal
to 0.657, was found by extrapolating the experimental data on the photodissociation of 233U
and %380 at 20 MeV [11] to the mass 242.

The absolute values of the yields of the products fromthe fission of 2“2?Pu by bremm-
strahlung with a limiting energy of 20.7 MeV, presented in Table 1, were obtained with nor-
malization to 2007 of the area under the mass-distribution curve, constructed from the values
of the total yields. We normalized the yields with 18.1 MeV, which are also presented in

Translated from Atomnaya Energiya, Vol. 58, No. 4, pp. 275-277, April, 1985. Original
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total Yield or rragments Produced by Fission of “*“Pu by Bremmstrahlung with

Energy of 18.1 MeV and 20.7 MeV, 7%

|
Mass ' Mass .
number Nuclide 18,4 MeV 20,7 MeV 5 number Nuclide 18,1 MeV 20,7 MeV
|
85 *EM p 0,760,05 0,821,085 127 125} — 1,874-0,09
87 Tk 1,044-0,12 1.354-0,00 129 12954 1,014:0,16 1 ,(}3:_{:_0,18
88 88K p, ¥R 1,264-0,28 1.534+0,28 131 13| 3,494-0,33 3,5240,25
91 & 2.6130,18 2,67£0,18 132 132 1321 3,784.0,21 4,033:0,33
e sedp 2y 2 945047 3,08°00,46 133 1) 6,301.04 4,26£0,65
02 By - 3,610,922 135 135] 5,814+0,87 6,01-£0,55
95 957p, 92N]) 3,720,062 — 140 WORa, W0l 4,492.0,66 4,49+0,55
o “igp 9N 4,610,117 4,624-01,18 141 H1Ce 4,3840,45 4,60=0,46
g0 “9\to, 9Te 5.874-0,82 5.8640,54 143 [EETSN 3,6940,26 3,57;(),25
103 TR 5,7640,25 - 147 BN 2,040,113 2,080,17
1085 TSI 5.110,62 5,1140,55 | 144 1N 1,61+0,12 C1L4610,11
112 N2Ay 0,8540,13 0,94£0,08 i 153 1833, 1,0320,08 1,1930,15
115 1amyp - (0,35+0,05

TABLE 2. Parameters of the Mass Distribu-
tion of the Fragments from Photodissociation

of <42pu
Parameter 18,1 MeV an, 7 MeV
P — 2 17
A[,, amu 98,7+0,3 98,940,3
TXH amu 140,46 1,0 139,911
1
16,%40,4 17.3400.5
) u ) 5 40,
mggl' z‘:}u 14,3404 15,5404
H,

Table 1, to the total yield of the peak fragments at 20.7 MeV, which remained virfually con-
stant as a function of the energy [12].

Figure 1 shows the mass distribution of the fragments from the photodissociation of 2“2Py
at 18.1 MeV and 20.7 MeV, as well as the fissioning of ?“!Pu by thermal neutrons [13]. All
distributions have a "double-hump" form, indicating the asymmetrical fissioning of 2“2Pu.
With the exception of the mass range 133-135, the mass-distribution curves are smooth. A
weak fine structure, noted previously in [l4] in the fissioning of ?“!Pu by thermal neutrons
and in the spontaneous fissioning of 2%2?Pu in [15], owing to the effect of the closed neutron
shell N = 82 is observed in the range 133-135. The parameters of the mass distribution are
presented in Table 2. The mean-weighted value of the masses of the light Aj and of the heavy
AH fragments remain virtually constant as a function of the excitation energy, which agrees
with the result of [12] for the photodissociation of ?%°U and 2%®U with an excitation energy
of E* = 9.7-19.9 MeV. However, in a wider range of variation of E*, as an analysis of the
totality of our data and the results of [15] shows, AL decreases slowly, while AH increases
with increasing E* with the coefficients AAL/AE* = —0.33, &AH/AE* = +0.26, respectively. To .
calculate these parameters, we estimated the average energy of excitation of the 2“2py '

nucleus with electron energies of 18.1 and 20.7 MeV, which turned out to be equal to 12.0
and 13.3 MeV. Co '

This phenomenon can apparently be explained by the increase in the competition between
the emissive fission and the smoothing of the fine structure with increasing E*. With the
transition from 18.1 MeV to 20.7 MeV the half-width at half-height (HWHH) both for the light
and heavy peaks increases approximately by 8%, which agrees with the data in [13-16]. The
values of HWHH which we obtained for the peak of light fragments are 12% greater than for
the peak of heavy fragments, which confirms the role of emissive fission {17}, which does
not occur at E* = 6.3 MeV [14]. In accordance with this explanation, a somewhat greater
broadening is observed at 20.7 MeV than at 18.1 MeV. Our value of the peak-to-trough ratio
P agrees well with the overall systematic behavior of this parameter presented in [18].

In conclusion the authors thank A. G. Belov, Ts.

Vylov, V. B. Brudanin, G. V. Buklanov, -
and S. P. Tret'yakova for assistance. :
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Fig. 1. Mass distribution of the fragments from
the fission of ?“?Pu by bremmstrahlung from 20.7
MeV (®) and 18.1 MeV (o) electrons and from fis-
sioning of “!Pu by thermal neutrons (x) [13].
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DETERMINATION OF THE SENSITIVITY OF THERMOLUMINESCENT DETECTORS
TO THERMAL NEUTRONS

Yu. N. Zhilov, V. G. Erkin, O. V. Lebedev, : UDC 539.12.08
V. A. Kuchumov, and G. A. Tyurin

Individual thermoluminescent dosimeters of the albedo type with detectors based on

®LiF and "LiF [1] are used widely for the dosimetric monitoring of personnel working in con-
ditions of the action of neutron and y-radiation. The first ones recordthermal neutronsscat-
tered by the person's body as a result of moderation in it of fast and intermediate neutrons,
and the second record y-radiation. The sensitivity to thermal neutrons is the most important
characteristic of the detectors, determining their application for dosimetry in mixed fields.
In the present paper, the sensitivity to thermal neutrons is obtained for thermoluminescent
detectors with the natural content of lithium isotopes supplied by V/O "Izotop" (TLD-0-05),
and also °LiF (TLD-6-05) and "LiF (TLD-7-05) detectors corresponding to Technical Specifica-
tion (TU) 6-02-2-679-82.

The TLD-0-05 detectors contain 7.5% ®Li and 92.57 7Li, TLD-6-05 contain 887 of °Li and
127 ’Li, and TLD-7-05 contain 0.1% °Li and 99.9% ’Li. They are prepared by the method of
crystallization from a melt in vacuo and have a diameter of 5 x 1 mm. The sensitivity to
thermal neutrons was determined by irradiating the detectors in an isotropic field of thermal
neutrons with an effective flux density of (6.2 * 0.2):10% cm™2+sec”!, which was generated
by (Pu + Be)-sources in a moderator of hydrogeneous plastic. The flux density of the thermal
neutrons- was measured from the activation of gold foil by the method of cadmium ratios [2].
The flux density of the fast neutrons and the dose intensity of the y-radiation at the loca-
tion of the detectors amounted to (2.4 * 0.9):10% cm™2+sec™® and (9 * 0.9)-10"¢ rad/sec (1
rad = 0.01 Gy). Prior to irradiation, the detectors were subjected to thermal treatment:
1 h at 400°C, 17 h at 80°C. The thermoluminescence wasrecorded with a "Kharshou-2000D" in-
strument by the integral method. The thermoluminescence light sum, due to thermal neutrons,
was found by the difference between the total light sum and its components due to y-radiation.
The contribution of fast neutrons to the thermoluminescence of LiF was found to be insignifi-
cant and therefore was not taken into acount.

For comparison of the characteristics of different thermoluminescent detectors, the sensi-
tivity to thermal neutrons usually is used, expressed as the dose of y-radiation which is
required to produce the same light sum as by the action of a thermal neutron fluence at the
detector of 10'° cm™2 [3]. When determining the sensitivity it is necessary to correct the
experimentally recorded light sum (S,) by taking account of self-screening and depression
effects [4], due to the absorption of thermal neutrons according to the reaction °Li(n, o)3H.
The coefficients of self-scrrening and depression (see Table 1) were calculated with certain
simplifying assumptions [5], allowing an analytical procedure to be used [6] with an accuracy
acceptable for this purpose. Starting from the values obtained, after inserting a correction
for scattering of the neutrons within the sample, the coefficient of reduction of the thermal
neutron flux density (AF) was calculated, representing the ratio of the average flux density
within the detector to the unperturbed flux in the same medium [6]. The coefficient AF was
used for correcting the light sum resulting from the thermal neutrons: § = 0.886-S,/AF,
where 0.886 is a coefficient for averaging the light sum over a Maxwellian thermal neutron
distribution. The dose of y-radiation necessary for generating the light sum S is the quan-
tity characterizing the required sensitivity.

The sensitivity of detectors to thermal neutrons, expressed in terms of the exposed dose
of y-radiation, is given below:

Translated from Atomnaya Energiya, Vol. 58, No. 4, pp. 277-278, April, 1985. Original
article submitted July 11, 1984.
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: TABLE 1. Coefficients of Self-Screening (G},

Depression (H) and Reduction of Flux Density
(AF) of Thermal Neutrons

Detector G 1" Al
TLD -6-05 1,287 0,932 0,278
I'LD -7-05 0,914 0,995 © 0,986
I'LD -0-05 04,576 0,963 0,572

" Detector R
TLD -6-05 2365 4 245
TLD -7-05 [8:+09
TLD -0-05 221 + 10
TLD-100 324 + 15
TLD-600 2000*
TLD-700 1,2%
TLD-100 310*

+Literature data.

The literature data are also shown here [7] concerning the sensitivity to thermal
neutrons of detectors of the firm "Kharshou'": TLD-600 (95.6% °®Li), LTD-700 (0.0077
Li) and TLD-100 with the natural content of the isotopes, Contradictory data about
the sensitivity of detectors of the same type are given in the papers of differ-
ent authors. For example, for TLD-600, these values amount to 870-2400 R (1 R =
2.58+10"% C/kg) [7]. Some authors, obviously, have not taken account of the role of self-
screening and depression effects, which can lead to a lower sensitivity to thermal neutrons
by comparison with the actual sensitivity. Therefore, the generalized literature data are
' given in the table for those papers in which the sensitivity was determined with the intro-
duction of the corresponding correction of the experimental values. For TLD-100 the sensi-
tivity was obtained experimentally and amounted to 324 % 15°R, which agrees well with the
literature data and indicates the validity of the chosen procedure of the investigations.

The comparison of the results shown above in Table 1 confirms that with respect to
sensitivity to thermal neutrons, TLD-6-05 is not inferior to the widely used TLD-600 detec-
tors. The lower limit of recording of thermal neutrons by TLD-6-05 detectors for the mea-
surement equipment used amounts to a fluence of ~4+10*% cm~2, which corresponds to an equiv-
alent dose of 0.4 mrem (0.4 uSievert). The sensitivity to thermal neutrons for TLD-7-05
detectors, designed for recording y-radiation, is almost three orders of magnitude lower than
for the TLD-6-05. This same ratio of sensitivity to thermal neutrons is characteristic for
the TLD-600 and TLD-700 detectors. For detectors with the natural content of lithium jiso-
topes,. the sensitivity to thermal neutrons is an order of magnitude lower than for the TLD-
6-05, which corresponds to the ratio of the °Li concentrations in these detectors.

Thus, the considerable difference in sensitivity to thermal neutrons of the TLD-6-05
and TLD-7-05 detectors allows them to be used jointly for the separate recording of thermal
neuttrons and y-radiation in mixed fields. These detectors may be found useful in individual
neutron dosimeters of the albedo type for monitoring the radiation safety of personnel.
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RADIATIVE CAPTURE CROSS SECTION OF 5Fe AT A NEUTRON
ENERGY OF 0.5-2.0 MeV

Yu. N. Trofimov o , | UDC 539.172.4

A natural mixture of iron isotopes. contains 0.337 %%Fe. During neutron irradiation of
the structural steels of the reactors, °%Fe forms due to radiative neutron capture of °%Fe.
>°Fe has a high-energy y-spectrum with a long half-life (45.54 days). For calculating radia-
tion shielding of the reactors, the error in the cross section of the ®%Fe(n, y)5°Fe reaction
must be within 157 in the neutron energy range 0-15 MeV. However, at the present ‘time there
are no data on the radiative capture cross section of fast neutrons by the 58Fe nuclei.

In the present work we measured the cross section of the 3®Fe(n, v)3%Fe reaction in the
neutron energy range 0.5-2.0 MeV in relation to the reference (standard) cross sections of
the '¢°Hf(n, y)*®'Hf and *®°Ni(n, p)°%Co reactions. Specimens were made by placing the 38Fe-
enriched iron in powder form between two thin polyethylene tapes with a thickness of 8 mg/cm?.
The isotopic composition of the enriched iron is as follows (Z): 91.9 3%Fe, 8.07 57Fe, and
0.03 °%Fe. The irradiated specimen weight was 195 mg, and the spot diameter was 6 mm.

Neutrons were obtained from the 3H(p, n)3He reaction by bombarding the tritium—titanium
targets with the protons accelerated using an electrostatic accelerator of the V. G. Khlopin
Radium Institute. The integral neutron flux was measured using the method of activation de-
tectors of '®%Hf. Two detectors measuring 6 mm in diameter and 0.2 mm in thickness were
placed up against the specimen from both sides. The activation difference between the short-
range (close) and the long-range detector did not exceed 15%. The specimen and the 89Hf
detectors were placed at a distance of 12 mm from the neutron source, and were subjected to
radiation for a period of 24 h. Besides hafnium, we used 38Ni as a detector, whose activa-
tion product exhibits a long half-life. Table 1 shows the main characteristics of the nuclear
products of the experimental and the reference reactions. '

The energy and the intensity of the y-peaks were measured using a Ge(Li)-spectrometer
with a detector having a capacity of 38 cm® and a resolution of 3 keV for the 1332-keV line.
Calibration of the spectrometer was carried out using a set of standard y-nuclides (OSGI)
and the standard y-sources of the D. I. Mendeleev All-Union Scientific-Research Institute
of Metrology.

Table 2 gives the measured values of the cross sections of the *%Fe(n, Y)°%Fe reaction
and the used values of the cross sections of the reference reactions. It can be seen that
there is an insignificant reduction in the radiative neutron-capture cross section of 3%Fe
~in the 0.5-2.0 MeV energy range. -The correction for the unsteadiness of the neutron flux
is small owing to the closeness of the half-life periods of 2°Fe and ®‘Hf. The corrections
for the neutrons forming from the (p, n) reaction on the structural elements of the accelera-
tor, for the self-absorption of y-radiation in the specimen, and for the miscounts of the
analyzer (because of frontal pulse pile-up) were negligibly small. Based on the activation
of !'%In in the (n, n') and (n, y) reactions, we controlled the background originating from
the neutrons scattered and decelerated in the structural elements of the accelerator. Ac-
cording to our evaluation, this background amounted to 3 + 1% of the main neutron flux.

TABLE 1. Characteristics of the Nuclear
Products of the Reactions under Study and
the Reference Reactions

15 : Quantum -
Reaction I-cllzlfs life, Ly output, %
i keV | [1,2]
58Fe (n, v) *1¢ 45,5424:0,05 | 1099,25 55,5
ABOHf (n, ) I%IIf 42 4101 482.0 86
%8Ni (n, p) *%Co T0,79:4:0,04 | 810,75 99,40

Translated from Atomnaya Energiya, Vol. 58, No. 4, pPp. 278-279; April, 1985. Original
article submitted July 9, 1984, '
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TABLE 2. Cross Sections of the “vrFeln, y)- =

59Fe Reaction and the Reference Reactions

oxAd, 10781 m?
E,. |2AL,,
| MeV [MeV BEEC (e, Y) ESOME (e, y) 181 ] PN (e, o 12] ]

0,5 | 0,43 | 3,040,3 42 —
1,0 1 0,42 | 2,74:0,3 45 -
1,5 | 0,10 2,540,3 A0 -
2,0 10,08 |- 2,6+0,3 32 . -
2,0 10,08 2,540,3 38

The total error in the measured cross sections is equal to 10-127% and is due mainly to
the error in the reference cross section. Table 2 shows the characteristic scatter in the
values of the neutron energy which is caused by the energy losses of protons in the titanium—
tritium targets and by the solid angle of the specimen relative to the neutron source.
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TOTAL.NEUTRON CROSS SECTION OF %I1Ru AND !°2Ru IN THE
NEUTRON ENERGY RANGE 0.01-1750 eV

V. A. Anufriev, S. I. Babich, , UDC 621.039.556
N. G. Kocherygin, and V. N. Nefedov

The magnitude of the resonance parameters of ruthenium isotopes is of considerable inter-
est for reactor design (calculations) because up to 57 of all the fission fragments are due
to them.

In order to study the interaction of neutrons with the nuclei of '°!Ru and !°2Ru, we
used two specimens highly enriched in !°!Ru and '°?Ru. The specimen characteristics are
given in Table 1.

We studied the interaction of neutrons with !°'Ru and !°2Ru using the time-of-flight
method cnan SM-2 neutron spectrometer {1] having a rotor-interrupter with a rectangular slot
measuring (1.5¢10) 107 m? in cross section.

Neutron transmission of the specimens was measured in the 0.01-1700 eV neutron energy
range. In the 0.01-5 eV energy range we employed a working regime of the spectrometer in
which the rotor-interrupter was maintained at 350 rpm and the selected channel width of the
AI-4096 time-delay analyzer was equal to 32 psec. In the 5-1700 eV energy range, the trans-
mission of the specimens was determined maintaining the rotor-interrupter at 6660 rpm and
the channel width of the time-delay analyzer at 2 usec.

We used a 92 m flight base and a neutron detector made from a battery of the SNM-17
helium counters. The statistical error in the measurements did not exceed 17. When cal-
culating the energy dependence of transmission on a BESM-6, we introduced corrections for
the spectrometer background and the miscounts in the analyzer channels. '

Based on the obtained transmission curves, the resonance parameters were calculated ac-
cording to the '"shape" method using the single-level Breit—Wigner formula. The width of the
resolution function at a rotor speed of 350 and 6660 rpm was found to be 1 usec/m and 56
nsec/m, respectively. For identifying and calculating the resonance parameters of '%!'Ru and

Traﬁslated from Atomnaya Energiya, Vol. 58, No. 4, pp. 279-280, April, 1985. Original
article submitted July 30, 1984. ’ S
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ABLE 1. Specimen Lharacterlstlcs

Specimen 1 Speelmen 2
.{(s)o-; con- | specimen thick- |cont- specimen
pe tent, % | ness, nuclei /b |tent, %| thickness,
(1b=1028m?) | nuclei/b .
wRu | 0,3 5,92.10-5 04| 7,610
100Ry 0,5 9,86-10-5 - 041 7,6.10-5
1Ry | 92,7 1,826.10"2 ] 0,4 3,09.10-¢
102Ry| 6,0 | 1.183.10- 992 | 7.61.10-2
104Ry 0,4 7,89.10°5 0,4 3,09.10-4

TABLE 2. Parameters of the Resonance Levels of °!Ru

Ly, eV g r, meV r,, meV 2¢T,,, meV Ky, eV ¢ r, meV Ty, meV 241,, meV
13,604-0,05]1 0,5 — — 0,0044-0,001] 338,84-2,0 | 0,6 - - 3146
13,940,051 0,5 — —_ 0,0090,001) 375,740,6 | 0,6 — —_ 2;511;25
15,90+0,03) 0,6 |223,7+18,1] 220420 | 4,2840,25 425+3 0,6 — - 146425
25,0640,07( 0,5 —_ - 0,04340,003] 45245 0,6 - — 233430
36,410,071 0,5 — — 0,0384£0,07 | 4766 | 0,4 - - 2337
38,660,241 0,5 — - 0,01340,008] 52745 0,6 - - 1144-34
42,040,141 | 0,6-1193,1+18,2| 180419 [16,44+1,20 [ 574+5 0,5 — — 27420
47,07+0,26] 0,5 — — - 0,0223:0,013] 6177 | 0,5 - - 76438

51,76+0,04 | 0,6 |238,0426,0] 236426 | 2,10+0,06 657+10 | 0,5 - - 1783100
61,26+0,01| 0,4 | 236332 231432 | 3,93+40,23 | 77010 | 0,5 - - — 624-22

66,24+0,2 | 0,4 | 274433 2284136 | 28,5+2,5 840410 | 0,5 - —_ 674-30 .
100,14-0,2 | 0,6 1. —. 9,053-0,62 926415 | 0,5 - - 3304100
112,24-0,4 | 0,4 — — 8,15+0,45]. 99715 | 05 - — 2904-400
140,74-0,6 | 0,6 — - 2,954-0,26 | 1040420 | 0,5 —_ - 4704150
150,5+£0,3 | 0,5 — — 0,42+0,13 | 1140325 | 0,5 - — 803-40
156,6+1,0 | 0,4 — _ 10,54+0,79 | 1240430 | 0,5 - - 433:20
196,3+1,0. | 0,6 — — 64,3+4,9 1295430 | 0,5 - — 4204-150
242,1+14,0 | 0,6 — — 26,24+4,9 1410+40 | 0,5 — — 12153-300
249,4+2,1 | 0,4 — - 3,98+1,22 || 160050 | 0,5 - - 9004-300
308,3%+2,0 | 0,6 —_ o 182,5+14,3 | 1720450 | 0,5 — - 100450

102Ry, we considered the resonances of °%Ru, 1°°Ru, and °“Ru according to the published .
parameters [2], and the relative contribution of the !°!Ru and !°?Ru resonances — according
to the parameters obtained in the present work.

From the neutron-transmission curves of the specimens in the 0.01-5 eV energy range
we obtained the total cross sections of !°'Ru and !°?Ru at the thermal point (E, = 0.025 eV).
It was found that otot = 11.2.% 0.4 b for *°'Ru and otot = 10.4 * 0.6 b for *°2Ru. The
resonance parameters of !°!Ru and !°?Ru were determined based on the neutron transmission
of the specimens in the 4-1700 eV energy range. The obtained data are given in Tables 2
and 3.

Based on the I'y values for five resonances of '°'Ru and for three resonances of !°?Ru,
we found the average T, values to be equal to 219 * 19 meV and 172 * 46 meV, respectively.
These values were used in the calculation of other resonances.

. The present data (see Tables 2 and 3) were compared with the previously published data
[3 5]. We note that in the transmission measurements of the earlier investigations [3-5]

specimens of different thickness values were used with a natural mixture of ruthenium iso-
topes.

Owing to the presence of highly enriched preparations of *®!Ru and !°?Ru (see Table 1),
we could make specimens thicker than those employed in theearlier studies [3-5]: about 3
times thicker in case of *°'Ru and 10 times thicker in case of *°2Ru. Consequently, in the
present work, the parameters of seven resonance levels of °®!Ru were additionally identified
in the energy range up to 150 eV and calculated, and in case of *‘°?Ru, in addition to the
three known resonances, the parameters of another 1l resonance levels were determined in the
energy range up to 1700 eV.

However, the insufficient resolution of the spectrometer used in the present work did
not permit us to resolve closely spaced resonances having an energy exceeding 150 eV. Thus,
for example, Popov et al. [4] identified 33 resonance levels for '°!Ru in the 190-1000 eV
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of 1%2Ry
kg, €V i, meV "’." meV P meV
9,8024-0,003 1284-8 12848 0,0093.£0,0002
19,040,034 154 492,71 254493 | 0,00404-0,0007
42,15+0,01 1354437 135437 0,104-0,01
165,13£0,24 — =1 0,60£0140
211,84-0,6 - - 0,494-0,13
413+1 8,24-7,1
- 452,240,8 - - 6,1+1,1
- 62910 — - ] 16,5412,7
87710 — — ] 1346
970415 — — 45424
1261430 . _. 721 4100
1350430 — — 47423
1410430 - — 1844-40
1580 440 — — 158430

energy range using a spectrometer having a resolution of 7 nsec/m, whereas, in the present
work we could identify only 20 levels.

The value of the force function was determined for '°!Ru based on the resonance param-
eters in the energy range up to 660 eV, and was found to be (5.47 * 0.15):107°. Within the .
errors in determination, this value agrees with that reported earlier [4]. The force function
for !92Ru was found to be (2.21 + 0.66)+10"%. Based on the data of Table 3, the average dis-
tance between the levels and the average normalized neutron width were also found out:

D= (112 + 20) eV and TH = (2.48 * 0.75) meV.

Based on the parameters of the resonance levels presented in Tables 2 and 3, we computed
the resonance integrals of capture I, = (108 £ 15) b for '°'Ru and Iy = (5.5 + 0.5) b for
102RU.
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AN INTEGRATED BENCHMARK FOR ATTENUATION OF NEUTRONS WITH AN
ENERGY OF 14 MeV BY LEAD LAYERS

S. Antonov, G. Voikov, UDC 621.039.572.4
K. Ilieva, and I. Iordanova

The integrated experiments on the transmission (passage) of neutrons having an energy
of 14 MeV through highly inhomogeneous systems permit one to evaluate the reliability of
the numerical algorithms and also the degree of sufficiency of the neutron (nuclear)-
physical data for describing the complex inhomogeneous shield of the -future thermonuclear
reactors.

In the present work we carried out a numerical study of the attentuation of the total
neutron flux passing through an iron collimator (neutron tube) and lead barriers located
just (directly) behind the collimator. Our previous experimental results [1] served as a
basis for comparison. The choice of the decelerating material (moderator) is due to the in-
creasing interest in lead as a neutron multiplier (breeder) in the blanket of the thermonu-
clear reactors [2-4]. : : :

In order to carry out the experiments we used a neutron source based on a tritium tar-
get which is bombarded with an accelerated deuterium ion beam.

At a 1.5 mA current of the deuterium ions, the neutrons forming from the T(d, n)“He re-
action and having an energy of 14.9 MeV emerge isotropically with an intensity of 10!° sec~?!..
The cylindrical iron collimator (length 130 cm, internal diameter 10 cm, and external diam-
eter 12 cm) was positioned just behind the target.  The collimator was located in the wall
made of a mixture of iron shots (pellets) and polyethylene. Behind the collimator we.placed
the lead plates measuring 40 x 40 x d cm. The detector is a flat-response counter in the
form of a cylinder measuring 37.5 cm in diameter and 42 cm in length. It was placed at a
distance of 82 cm from the collimator end.

The calculations were carried out using two models: a unidimensional model based on the
method of discrete ordinates (ANISN [5]) and a three-dimensional model based on the Monte
Carlo method (MORSE [6]). In order to evaluate the energy dependence of the cross sections
and the neutron fluxes, we used a 25-group approximation [7] based on the SUPERTOG program
and the ENDF/B IV and ENDL data files. ‘ :

According to the unidimensional description of the experiment (ANISN), we obtained the
neutron fluxes from the unidirectional source behind the aforementioned lead layers. 1In this
case, we took account of the fact that the neutrons approach the detector at a solid angle
arc tg 0.2 corresponding to the experimental conditions.

Using the three-dimensional model (MORSE) we considered the actual geometric conditions
of the experiment: the neutrons having an energy of 14 MeV emerge isotropically from the
surface of a disc (ring) of radius 5 cm located at the collimator entrance (front portion),
and reach the detector after passing through the collimator and the lead barriers. The de-
tector is approximated to a ring measuring 20 cm in radius situated perpendicular to the .
axis of measurement at the central point of the detector.

Figure 1 shows the experimental and the numerical results on the attenuation (relative
to the flux without a layer) of the neutron flux having an energy of 14 MeV. The mean devia-
tions of the computed values based on the MORSE program and the data files of ENDL and ENDF
are 6.4 and 8.57, respectively; the mean deviation based on the ANISN program and the afore-
mentioned data files is almost identical, and is equal to 9.6%.

Comparison of the numerical values obtained on the basis of the ENDF and ENDL files shows
a virtual coincidence with those obtained from the calculations carried out accortding to
ANISN. A more striking difference in the data based on MORSE can be attributed to higher

Institute of Nuclear Research and Nuclear Energy, Bulgarian Academy of Sciences, Sofia.
Translated from Atomnaya Energiya, Vol. 58, No. 4, pp. 280-281, April, 1985, Original article
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Fig. 1. Attenuation of neutron flux A as a
function of thé layer thickness d: 6) ex-
periment; A) MORSE, ENDF; o) MORSE, ENDL;
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sensitivity of the method with respect to the scattéfing matrix and the large statistical
scatter associated with this.

We note that in spite of the smallness of statistics (data) employed when calculating
with MORSE (10* histories per draw and 15 min computer time on IBM 370/145) and the associ-
ated difficulties in adequately modeling the entire system, the obtained results show a satis-
factory agreement with the experimental values.
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DETECTORS FOR SPECTROMETRY OF THE X-RAY EMISSION FROM GERMANIUM
OBTAINED BY THE HYDRIDE METHOD

G. G. Devyatykh, G. N. Flerov, _ _ ' UDC 546.289:539.1.074
Yu. A. Nechuneev, A. V. Gusev, .

Yu. P. Kharitonov, Yu. S. Tsyganov,

and V. A, Gavva :

Until recently, the principal instruments by means of which the numerous problems associ-
ated with the spectrometry of ionizing radiations were resolved were silicon surface-barrier
and silicon and germanium lithjum-drift semiconductor detectors. With the appearance of high-
purity germanium, the advantages andversatility of semiconductor detectors (SCD) based on
this material are becoming even more obvious.

Compared with other types of detectors, SCD have the following advantages: high sensi-
tivity per unit volume, mechanical stability, relatively low grid bias, high radiation sta-
bility, etc.

In order to prepare the detectors, high-purity germanium is used, with a concentration
of noncompensated charge carriers of 10'°-10!! atoms per cm®. These detectors are stable
at room temperature, tolerate repeated thermal cycling from the temperature of liquid nitrogen
to room temperature, andallow reilatively high-temperature thermal processing to be carried
out (up to 120°C) for annealing radiation defects [1].

The principal factor determining the quality of the detectors is the degree of purity
of the germanium. The production of germanium suitable for the preparation of detectors with
a high resolution is a complex problem. Several methods exist. The most promising, in our
opinion, is the hybride method [2].

The present paper is devoted to the investigation of certain characteristics of p—n struc-
tures, prepared on a base of germanium obtained by the hydride method. The purpose of the
paper is to estimate the degree of purity of the germanium and its applicability for the pre-
paration of detectors with a high energy resolution. Monocrystals of the p type were used,
with a uniform distribution of the electrophysical characteristics over the length of the
crystal. The concentration of noncompensated charge carriers in the samples used for the
preparation of the detectors amounted to ~7-10'° atoms per cm®, and mobility was not less
than 35,000 cm?/(V-sec). In order to prepare the detectors from the monocrystal, plates with
a thickness of 5-5.5 mm were cut out with a diamond disk. Circular blanks were cut out with
a diameter of 10-12 mm, by means of brass punches. The flats were ground on glass succes-
sively with M-20, M-14, and M-5 micropowders. After polishing, the samples were thoroughly
cleaned, degreased, and etched by the procedure described in [3]. Ohmic contact was. obtained
by the vaporization in vacuo of a thin layer of gold, and the n't contact was obtained. by
vaporization of metallic lithium with subsequent diffusion at T = 340°C during 10 min. The
residues of lithium oxide were removedby means of an aqueous solution of ethyl alcohol, and
the lateral surface of the sample was etched twice in a mixture of nitric and fluoric acids
during 5 min. ‘ ' ’

On completion of diffusion of the lithium in the samples by means of the procedure de-
scribed in [3], a protective groove was cut out, the width of which overlapped the boundary
of diffusion of the lithium. The depth of the groove was 2/3 the thickness of the sample.
Having protected the electrodes by means of a plastic adaptor, the groove was twice etched -
during 3. min in a mixture of high-purity nitric and fluoric acids. In order to investigate
the characteristics of the detectors obtained, a cryostat used for spectrometric measurements
was adapted. The design of the cryostat provided for the elimination of background noise,
which has a significant effect on the limiting energy resolution of the detector. The de-
tector was installed in the cryostat with a preamplifier cooled by a cascade. The volt—
ampere and volt—capacity characteristics were investigated on the detectors. obtained, and

Translated from Atomnaya Energiya, Vol. 58, No. 4, pp. 281-283, April, 1985.: Original
article submitted September 24, 1984, -
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" Fig. 2. Emission spectrum of 3°Fe, obtained by means of a germanium detector:
Uo = 1300 V, S = 0.25 cm?; W = 4.5 mm.

Fig. 3. Em1551on spectrum of 2“'Am, obtained by means of a germanium detector:
Uo = 1300 V = 0.25 cm?; W = 4.5 mm.

the emission spectra of ®°Fe and 2“!Am were obtained. Typical volt—ampere and volt—farad
characteristic curves are shown in Fig. 1, from which it can be seen that with increase of
the reverse bias, the capacity of the p—n junction decreases sharply, but with a voltage of
>500 V the capacity is almost unchanged. The depth of the sensitive region W was calculated
by the equation (4]

W= (2eU/[gN)/?,

where € is the dielectric permeability; U, bias voltage; N, concentration of noncompensated
charge_carfieps; and g, charge of the electron. A calculation showed that for our detectors,
with a reverse bias of 900 V, the depth of the sensitive region is equal to the geometric
size of the samples. The concentration of noncompensated charge carriers, obtained when in-
vestigating the volt—capacity characteristics [4], coincides well with the above stated
values, obtained by investigation of the Hall effect.

From an analysis of the volt—ampere characteristics, it follows that with a change of
the bias voltage from 300 to 1000 V, the reverse currents do not exceed 107'! A. This cor-
responds to a current noise of £100 eV.

The apparatus spectra of °°Fe and %“!Am are shown in Flgs 2 and 3. It can be seen from
the figures that according to the 3%Fe line, corresponding to E = 5.9 keV, the energy resolu-
tion amounts to 180 eV, for 2“'Am according to the 13.9 keV line it is equal to 293 eV, and
according to the 59.5 keV line it amounts to 450 eV. In the region of "soft'" radiation
energy, the energy resolution depends markedly on the type of the charge-sensitive preampli-
fier. In our case, a preamplifier was used with a sink connection. Amplifiers with an opto-
connection obviously would have allowed the resolution of the detectors tobe improved.

Thus, the characteristics of the detectors obtained confirm the excellent quality and
high purity of the germanium hydride. The energy resolution of the detectors isfound at the
level of the best samples supplied by foreign firms. The results of the investigation allow
the conclusion to be drawn about the applicability of germanium hydride for the preparation
of ionizing radiation detectors with a high resolution.
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EFFECT OF HEAT RELEASE IN THE COOLANT ON'THE STABILITY OF A
WATER - COOLED—WATER-MODERATED REACTOR .

S. I. Vdovin and E. F. Sabaev UDC 621.039.577.14

It is known that in boiling reactors at quite high power and steam content, self-ex-
citing power fluctuations originate [1-3]. .The instability mechanism of the coolant in these
reactors is .related with the strong dependence of the reactivity on the steam content and
the inertia of the heat exchange in the core [3, 4], and also with the interaction of neutron-
physical and thermohydraulic processes [5, 6]. A large steam coefficient of reactivity and
a quite high frequency of the power fluctuations with instability (of the order of 1 Hz), as
noted in (6], lead to a significant stabilizing effect of the less inertial processes of
steam formation, which previously had not been.taken into consideration, in view of the small-
ness of their relative magnitude (surface boiling [6]).

The effect on the neutron-physical instability of heat release in the coolant, which
in these reactors also is the moderator, is being considered further. It is known that ~2-
3% of the power [7] is released directly into the coolant during thermalization of the fast
neutrons and attenuation of the y-radiation. The characteristic time constant of these pro-
cesses (delayed y-emission is not taken into account) is much less than the inertia of the
heat exchange in the core, i.e., the release of heat in the coolant omits one of the princi-
pal inertial links in the feedback chain: neutron flux—fuel element temperature—steam content—
reactivity—neutron flux. '

In order to estimate the effect of heat release on the coolant we shall use the exact
kinetic equations. We shall describe the change of temperature of a fuel element by a simple
inertial link with a periodic function 1/(l + Tp). Assuming that the enthalpy and velocity
of the water at the core inlet are constant and the change of temperature of the coolant is
much less than the change of temperature of the fuel, the characteristic equation for investi-
gating the neutron-physical instability can be written in the form

6 .
Lo Bilp 1—e , :
”(Ff"i e ) =TT Vg e (= st () (1)

where p is the Laplace transform parameter; T is the time constant of the fuel element; e is
the relative fraction of heat released in the coolant, and —kTW(p) is the transfer function
from the change of heat flow in the coolant to the change of reactivity. With the normaliza-
tion W(0) = 1, the parameters (1 — €)kg and —kT are numerically equal to the reactivity, in
units of B,* injected (in linear approximation) by the power effect of the fuel and the density

*B is the effective fraction of delayed neutrons.

Translated from Atomnaya Energiya, Vol. 58, No. 4, pp. 283-284, April, 1985. Original
article submitted September 24, 1984.
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Fig. 1. D-partition boundaries: I) € = 0; II) € = 0.02;
III) € = 0.03; boundary IV is constructed from the approxi-
mate relations (3) for € = 0.02; figures at the points are
the values of w, rad/sec.

effect of reactivity of the coolant for a change of power by 1007 of the initial steady-state
value, i.e., these parameters are the static coefficients of amplification of the feedbacks
in the reactor.

We shall carry out the investigation of the stability of the stationary regime by means
of the method of D-partition of the plane of the real parameters kT and kg {8]. Assuming in
Eq. (1) .p = jw, we obtain the system of equations defining the boundary of the D-partition
kT(w) and kg(w):

. [ .
s (@) ReW — e Tl |- (1—e) by (@)= o i S x,l"+/?n- 7 (é’--}-\_‘ ﬁf:n- x,-)'] ;

(2)

G
— e () [T W e TORW | = o [/’m‘ ) }‘_ﬁl/ﬁz-p +2“ hﬁ‘;l’ ;]
[6) w?

Figure 1 shows the boundaries of D-partition, separating the region of stability for
different values of €. For this, the transfer function W(p) is constructed in accordance
with perturbation theory for an increment of reactivity, the transfer of heat over the height
of the core is calculated by a homogeneous model without taking account of phase slippage and
surface boiling, and the values of the steady-state energy distribution over the height of
the core are taken from [9]. Despite the simplicity of this model, it was used in a number
of papers in order to explain the power oscillations, and good agreement with the experimental
data was obtained [10]. The region of stability in the plane of the coefficients of amplifi- .
cation kT and kg is located to the left of the corresponding D-partition curve and below the
singular straight line kT = (1 — €)kg. The principal parameters of the calculated regime are
derived later and correspond approximately to a similar operating regime of ([2].

Pressure, MPa . . « « & v v v « « « s o o o o « o « « « 3.5
Height of core, m . . . . e e e e e e e e e W2

Time constant of fuel element T, SEC + 4+« 4 4 4+ s ... O
Coolant velocity at the core inlet, m/sec . . . . . . . 0.5
Coolant preheating in the core, kcal/kg (kJ/kg) . . . .41 (172)

Underheating of water at core inlet, kcal/kg (kJ/kg). . 7.5 (31)

It follows from the figure that by taking account of the release of 2-37 of heat in the
coolant, the boundary value of kT for kg = —1 is increased by a factor of 1.9-2.7, and the
phase frequency w is increased by a factor of 1.4-1.7. Therefore, with a working value of
the power coefficient of reactivity with respect to the fuel kg* of approximately —1, the
heat release in the coolant exerts a significant stabilizing effect.

In the case of a more total feedback (with a more rigid description of the heat trans-
fer), the stabilizing effect of the heat release in the coolant can be estimated by means
of perturbation theory. We denote by kTo(w) and k 0(w) the D-partition boundary constructed
without taking account of the release of part of tﬁe heat directly in the coolant (e.=0).
Taking account of the smallness of this heat release, we estimate to a first approximation
with respect to e the correction introduced by it at the position of the boundary of the
region of stability. Assuming that w ~ 1 sec™!, we obtain from Eq. (2)

(hp—bpgdfe=ly, (/"g0+ Th—1);
Ug—k&HH=MgU+TMUE0+TA—|y+|+(hwa
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is displaced strongly upward, increasing the region of stability (see Fig. 1).%

Thus, the "instantaneous" release of even an insignificant part of the heat (2-37 of the
power) in the coolant exerts a significant stabilizing effect on the stability of a boiling
reactor, especially in the case of a high steam content at the core outlet, which must be
taken into consideration when analyzing the dynamics of boiling reactors.
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*The first approximation with respect to € may prove to be inadequate for determining the
displacement of the boundary of the region of stability for large values of w.

EFFECT OF NEUTRON FIELD PARAMETERS ON THE YIELD OF 252Cf

A. V. Klinov, A. V. Manelin, UDC 621.039.8.002:621.039.554
and Yu. G. Toporov

Efficient production of #°2Cf in nuclear reactors requires a sound choice of parameters
for the neutron field in which the parent material is irradiated. Among these, the ‘spectral
characteristics are of prime importance. The sensitivity of 252Cf yield to the neutron spec-
trum is due to large differences between the thermal cross sections and resonance "integrals.
of several nuclides in the buildup chain (Fig. 1): for some, the resonance integrals exceed
the thermal cross sections by more than a factor of 10 [1] (see Table 1). On this basis it
is concluded in [2-4] that ?°2Cf can be effectively produced using 'hard" neutron spectra.
This conclusion relies on a comparison of the 252Cf yields calculated for different irradi-
ation times in neutron fields whose hardness varieswhile either the total neutron flux dens-
ity [3] or the fission rate [4] remains constant. Such conditions do not obtain in actual
practice, and the problem is to choose the most appropriate irradiation channel ‘in terms of
both spectrum hardness and absolute neutron flux density. ‘ : B

This study attempts to determine the basic behavior of the 252Cf yield indexes in the
most general case, when the thermal and epithermal neutron flux density are varied together
with the irradiation time. The parent material used is a mixture of heavy isotopes of o
curium {5], and the optimization criterion is the 252Cf yield.

The buildup of ?°2Cf was calculated with a CONUS computer program [6]. The relative
content of 2“%Cm in the parent material was 20%, and that of 2“%Cm was 2%7. The nuclear re-
action rates were found by the formula ‘ '

bi=0p 1@+ L 9,

Translated from Atomnaya Energiya, Vol. 58, No. 4, pp. 284-286, April, 1985. Original
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Fig. 2. Yield of ?°2Cf for an irradiation time of 250
days, plotted as a function of the thermal neutron flux
density (the curves are labeled with the values of u,
10*% cm™2+sec” 1),

where o ,i is the cross section of the r-th reaction of the i-th nuclide with neutrons at

an energy of 0.0233 eV, ¢ is the thermal neutron flux density, Ifff ; is the effective reson-
ance integral of the r-th reaction of the i-th nuclide, and ¢ is the epithermal neutron flux
density per unit lethargy interval.

The thermal neutron flux density varied between 0 and 2.5-:10%% cm™2-sec”!, and the
epithermal between 1 and 4-:10'* cm™2:sec”!. In all instances the irradiation time ranged
up to the value corresponding to maximum 2%2Cf yield.

Figure 2 shows the ?°?Cf yield plotted against the thermal neutron flux density for a
constant irradiation time. The numbers next to the curves are the values of ¢, 10** cm™ 2.
sec”!. The curve pattern remains the same when the irradiation time is varied. This is de-
picted in Fig. 3, which gives the 252Cf yield calculated by varying the thermal neutron flux
density and irradiation time at a constant ¢. The calculation results are generalized in
Fig. 4, where the thermal neutron flux density maximizing the 232Cf yield is plotted as a
function of the irradiation time for different ¢.

The findings show that increasing ¢ to the limit of the range under consideration is
accompanied by an increase in the yield; this tendency is maintained even if ¢ > 4-10** cm™2-.
-1 .
sec” .

If ¢ is constant, on the other hand, for any given irradiation time there is a particu-
lar thermal neutron flux density (or neutron spectrum hardness) at which the 252Cf yield
reaches a maximum. Increasing ¢ further does not improve the yield, and has no effect at

best. It is also inadvisable to "harden" the neutron spectrum so much that ¢ would be re-
duced.

The reason for this behavior becomes apparent from an inspection of Table 1. The rate
of progress of curium nuclei along the buildup chain is limited by the interaction rate of
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Cross section for 2200 | Resonance integral at
) m +sec™! neutron velo- ififidite dilution
Nuclide city (E=0.625 eV)
Tuov | Ony Tny Tyof
210 10,0 1,5 585,0 17,1
245Cm 383,0 2165,0 104 ,0 766,0)
246Cn 1,4 0 17 119,0 10,0
247Cm 58,0 72,3 50,0 761,0
HECm 2,89 [ o1 251,0 14,0
249k 1600,0 0 4000,0 0
249 495.0 | 47200 |, 77700 | 18630
2000 | 1704 ,0 o - 11600,0 (
WICT ©2849,0 4801,0 1600,0 5400,0
28201 20,4 32,01 43,5 110,0
2aCf . 12,0 {-1100,0 12,0 2000,0.

%1 barn = 10728 m2,

WA

11,0

10,5

ok N X A ) o
2 Nd A - 75 c:
117.;%200 \! w s @
Yo wo 5w
'\
S

Fig. 3. Variation of the 2%2Cf yield (N) with the
irradiation time and thermal neutron flux density
(v = 1.3-10'% cm™2+sec™1).

neutrons with the nuclides having the smallest constants — 2“%Cm and 2“8Cm. Since the reson-
ance integrals of these nuclides exceed their thermal cross sections by a factor of about
100, the buildup rate of transcurium nuclei is essentially controlled by the thermal neutron
flux density. However, both the thermal andepithermal flux densities contribute comparably
to the ?°2Cf burnup rate. There is, consequently, a region within which a reductionof ¢ (at con-
stant ¢ and irradiation time) will appreciably decrease the 2%2Cf burnup rate almost without
affecting the production rate, and thus led to an increased yield. On the other hand, when
the thermal neutron flux density drops below a certain limiting value, the resultant decrease
in the ?*®Cm and 2“%Cm buildup rate and 2“°Cm burnup rate [7]produces a net reduction of the
282Cf yield. Within the range considered, the optimal value is largely determined by the
irradiation time and varies only very little with ¢ (see Fig. 4).

The results obtained are not all-inclusive and may bemodified in individual cases — for
instance, if the isotropic composition of the parent curium is changed. Nonetheless, the
relationships derived among the basic irradiation parameters may be useful for optimizing the
irradiation channel characteristics in the production of 2%2Cf.
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Fig. 4. Optimal thermal neutron flux density
®opt maximizing the ?32Cf yield, plotted as a
function of the irradiation time (the curves
are labeled with the values of ¢, 10%% cm™ 2«

ec™1).
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